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PREFACE 
The most common question asked by others when told I have been pursuing my Ph.D. 
is, what are you studying? I explain that my subject of research is Terfenol-D a 
magnetostrictive material. The name Terfenol-D comes from its constituent materials 
Terbium-Iron (Fe)-Dysprosium, and its origin at the Naval Ordnance Laboratory. Like other 
magnetostrictive materials, it has the unique property that it will change shape (strain) when 
exposed to a magnetic field. It is often called a giant magnetostrictive material because it is 
capable of strains on the order of 0.2% of its length, which is giant compared with 
conventional materials such as iron (0.002%) or nickel (0.005%). This is not merely a static 
capability because under the influence of an oscillating magnetic field, Terfenol-D has the 
ability to strain at relatively high frequencies, thousands of cycles per second. 
Whether these attempts to explain the Uiily fascinating capability of Terfenol-D are 
sucessful or not, the next question is invariably, why? Why study Terfenol-D? This 
seemingly innocent question carries much import, not only for me but for general 
engineering circles. 
From my perspective, the study of Terfenol-D bridges two fascinating and inherently 
enigmatic topics, electroraagnetism and dynamics/vibrations. The true answer to "why?" is 
certainly much larger than my own personal interest, but it rests on this same point. 
Magnetostriction is "interesting" because it connects the mechanical and magnetic states of 
the material. 
This process, known as transduction, allows energy to be converted between the two 
states. Transducers are a ubiquitous and integral part of our modem world. There are 
innumerable applications for a material which can convert an electrical signal into 
mechanical motion, in particular for vibrational applications. For example, Terfenol-D can 
be employed to introduce vibrations into water (sonar), or reduce undesirable vibrations in 
structures such as a milling machine or an airplane fuselage (active noise and vibration 
control). Thus, the simple explanation for the interest in Terfenol-D is, of course, that the 
transduction capability of the material makes it useful. 
This justification is still incomplete because other more mature technologies are 
available to meet many of these applications. What makes Terfenol-D itself unique? Giant 
magnetostrictive materials, such as Terfenol-D, are a new breed of transducers, categorized 
with other strain-induced materials as "smart," "adaptive," or "intelligent." However, even 
among these smart materials (such as piezoelectrics, electrostrictives, shape memory alloys, 
electrorheological fluids etc.), Terfenol-D is special. Its high energy density, magnetic and 
mechanical properties, nonlinearities, and dependence on magnetic and mechanical 
conditions, combine to make the material useful in many unique and engaging ways (see 
Appendix A for pertinent references). 
Experimental evidence shows that the performance of the material, how it behaves, is 
linked to the operating conditions: the magnetization, stress, and temperamre of the material. 
For example. Young's modulus, a measure of the stiffness of the material, has what is known 
as modulus defects. This means the operating conditions cause changes in Young's modulus. 
The nonlinear nature of the influence of operating conditions, and the interaction between 
them, results in an exu:emely complicated range of behavior. 
Terfenol-D exhibits giant magnetostriction which has significant converse effects. 
Therefore, at the same time that the magnetization of the material changes its shape, a su«ss 
on the material changes its magnetization. This converse effect explains, in part, the 
influence of stress on performance and opens the door to applications of sensing, passive 
damping, and electrical energy generation. 
This complicated nature has often led to frustration and skepticism on the part of the 
engineer and technologist interested in applications, prompting talk of the "tricky", 
"persnickity", or "dark" side of Terfenol-D. This frustration can be summed up quite simply 
by the following observation, "linear relationships do not describe the performance of 
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Terfenol-D". However, this in itself is not an inherent problem. These "tricky" effects are 
only problems until they are understood. Once Terfenol-D's performance is adequately 
modeled, these effects become a source of strength and flexibility, opening up new avenues 
for design and optimization. 
The goal of this dissertation is to shed light on the "tricky" side of Terfenol-D. This 
is accomplished by analyzing the effects of operating conditions on Terfenol-D performance, 
considering transducer design and performance issues, and by advancing methods available 
for transducer modeling. 
This dissertation is organized into seven chapters, which together attempt to increase 
the understanding of the performance of Terfenol-D transducers and their potential. Chapter 
1 provides a description of magnetostriction and Terfenol-D, including a discussion of 
magnetization processes, material properties, production methods, and the effect of 
mechanical stress, magnetization, and temperature on the material performance. In Chapter 
2, the utilization of Terfenol-D in a transducer is considered. Design issues include the 
magnetic circuit, application of mechanical prestress, and tuning the mechanical resonance. 
Experimental results from two broadband, Tonpilz design transducers are given in Chapter 3. 
Strain, applied magnetic field, magnetization, magnetic induction, electrical impedance, and 
material properties show the effects of operating conditions (prestress, magnetic bias, AC 
magnetization amplitude, and frequency) on transducer performance. Chapter 4 provides an 
overview of models applicable to modeling Terfenol-D transducers. A discussion of criteria 
for choosing a model for a given application is included. In Chapter 5, an energy based 
transducer model (building on the Jiles-Atherton model of ferromagnetic hysteresis) is used 
to predict quasi-static performance of a Terfenol-D transducer. Electoacoustics theory is 
presented and implemented in Chapter 6. Finally, conclusions on the design, analysis, and 
modeling of Terfenol-D transducers is provided in Chapter 7. 
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ABSTRACT 
The increased use of giant magnetostrictive, Terfenol-D transducers in a wide variety 
of applications has led to a need for greater understanding of the materials performance. This 
dissertation attempts to add to the Terfenol-D transducer body of knowledge by providing in-
depth analysis and modeling of an experimental transducer. A description of the 
magnetostriction process related to Terfenol-D includes a discussion of material properties, 
production methods, and the effect of mechanical stress, magnetization, and temperature on 
the material performance. The understanding of the Terfenol-D material performance 
provides the basis for an analysis of the performance of a Terfenol-D transducer. Issues 
related to the design and utilization of the Terfenol-D material in transducers are considered, 
including the magnetic circuit, application of mechanical prestress, and tuning the 
mechanical resonance. Experimental results from two broadband, Tonpilz design transducers 
show the effects of operating conditions (prestress, magnetic bias, AC magnetization 
amplitude, and frequency) on performance. In an effort to understand and utililize the rich 
performance space described by the experimental results, a variety of models are considered. 
An overview of models applicable to Terfenol-D and Terfenol-D transducers is provided, 
including a discussion of modeling criteria. The Jiles-Atherton model of ferromagnetic 
hysteresis is employed to describe the quasi-static transducer performance. This model 
requires the estimation of only six physically-based parameters to accurately simulate 
performance. The model is shown to be robust with respect to model parameters over a 
range of mechanical prestress, magnetic biases, and AC magnetic field amplitudes, allowing 
predictive capability within these ranges. An additional model, based on electroacoustics 
theory, explains trends in the frequency domain and facilitates an analysis of efficiency based 
on impedance and admittance analysis. Results and discussion explain the importance of the 
resonance of the electromechanical system, as distinct from the mechanical resonance. 
xvii 
Conclusions are drawn based on the experimental work, transducer analysis, and modeling 
approaches. 
1 
1. INTRODUCTION TO GIANT MAGNETOSTRICTION TERFENOL-D 
1.1 Magnetism 
The phenomenon of magnetostriction can be described as an intrinsic coupling 
between the magnetic and elastic state of the material. Therefore a natural place to begin the 
description of the performance of a magnetostrictive material is to consider the magnetic 
state. Section 1.1 provides a brief overview of magnetism, including the concepts of 
magnetic fields, magnetization, and Maxwell's equations. Only the fundamentals which are 
applicable to the subsequent discussion of magnetostrictive material will be presented. Both 
SI or CGS system units will be used in this manuscript. For more detailed discussion of 
magnetism in general and as related to magnetostriction, numerous references are included 
(Bozorth 1951; Cullity 1972; Chikazumi 1984; Jiles 1991). 
The discussion here will focus on magnetostrictive materials which will be considered 
ferromagnetic at the temperatures of interest (Terfenol-D is a ferrimagnetic material but, 
given the similarity of ferromagnetic and ferrimagnetic material performance, no distinction 
will be made between the two for the purpose of this study.) The basis for the macroscopic 
effects of magnetism of magnetostrictive materials lies on the atomic level with the orbital 
momentum and spin of the electrons, which produce an atomic magnetic moment. At 
temperatures above the Curie temperature, which is materially dependent, magnetostrictive 
materials are not magnetic because their atomic magnetic moments are randomly oriented. 
As these materials cool below their Curie temperature, they exhibit alignment of their atomic 
moments, which allows a net magnetization on the macroscopic level. 
1.1.1 Magnetic fields 
Magnetism on a macroscopic scale can be described by the presence and effect of 
magnetic fields, the magnetic induction (or magnetic flux density) B and the applied 
2 
magnetic field H. As fields, B and H can be conceptualized as a spatial energy gradient with 
both magnitude and direction. Unless otherwise noted, these parameters will be assumed 
vectors. The flux B is a measured quantity related to the effect of magnetism, such as a force 
which turns the magnetic compass needle to face true North. Applied field H describes the 
generation of magnetic field due to moving charges. The flux density B is given in SI units 
as Tesla (T), where 1 T = 1 Henry ampere/meter^, or in CGS units as Gauss (G). The applied 
magnetic field H is given in amperes/meter (A/m) for the SI system or Oersted (Oe) for the 
CGS system. The conversion between SI and CGS units is: 
1 G = 1/10000 T 
1 Oe = 79.6 A/m. 
For an excellent overview of the differences between the systems of units see references 
(Jiles 1991; Jiles 1995). 
1.1^ Relationship between B and H 
Understanding the relationship between B and H is the first step in understanding the 
magnetization of a magnetostrictive material. Figure 1.1 shows a plot of B versus H with the 
typical sigmoid shape characteristic of many ferromagnets. The multi-valued hysteretic 
shape of this function has proved difficult to model and requires some explanation. 
The initial application of an external field to a demagnetized material (B=0 for the 
bulk specimen) increases B with a slope of the initial permeability at point a. As H is 
increased to large positive values, the material becomes completely magnetized at point b 
and B continues to increase with a slope the permeability of free space. After the field H 
is decreased again to zero, a residual magnetization remains at point c, and is denoted the 
magnetic remanence BR. As the direction of H is reversed, the field required to force the 
3 
magnetization to zero is the coercivity. HE at point d. As the magnitude of H increases in the 
negative direction, the material is again magnetically saturated and the slope approaches Ho-> 
at point e. An equivalent remanent point BR and coercive field He at points f and g, 
respectively, are encountered. As H continues to cycle, the same trajectory b-c-d-e-f-g, 
known as the B-H hysteresis loop, will be traced out as long as no conditions are changed. In 
fact, how the B-H loop changes with operating conditions will provide insight into the 
performance of the material. The initial magnetization curve will not be followed unless the 
material is demagnetized and the magnetization process started again from the demagnetized 
state. 








-8 10"^ -4 10'^ 0 4 lO'^ 8 10'^ 
H (A/m) 
Figure 1.1; Magnetic flux density B versus applied magnetic field H for a theoretical 
ferromagnetic material. 
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B = (1.1) 
given in units of Tm/A (Henry/m) or G/Oe. Clearly in the case of the material in Figure 1.1, 
^ will be a complicated multi-valued function which will vary from zero to peak near points 
d and g. Despite this, the permeability is one of the defining properties of a magnetic 
material and is often called a material property. Although numerous definitions of 
permeability are available, it is most useful to consider the instantaneous change in B with H, 
given by the differential permeability 
DB 
An interesting feature of the hysteresis loop is that it shows the dependence of the 
current magnetic state of the material on its history. This means the future magnetic state of 
the material is dependent not only on the current magnetic state but also the previous 
magnetic history of how the material was magnetized. For example, following the initial 
magnetization, the material "remembers" its magnetic state and follows the magnetization 
trajectory g-h rather than the initial magnetization curve a-h (in Figure 1.1). This magnetic 
memory is a fascinating feature of magnetic systems and has proved very useful for many 
applications (Cullity 1972; Jiles 1991). Describing an arbitrary magnetization process is 
complicated by the magnetic memory. 
The "major" hysteresis loop, shown in Figure 1.1 (points g-b-d-e), describes the 
relationship between B and H for large symmetric H. If at any point in the cycle H reverses 
twice before reaching points b or e, an asymmetric minor hysteresis loop is traversed. This is 
seen between turnaround points h and i. In addition, the shape and nominal slope of the 
minor loops varies considerably with H. Minor loops exhibit closure in nearly all cases. 
since the return leg of the minor loop takes it back through the initial turnaround point. In 
essence the magnetic memory of the loop is "wiped out." 
1.13 Magnetization 
In magnetostrictive materials the magnetic moments are permanently aligned in 
regions known as domains. The net result of the moment alignment is a magnetization Af, 
defined as the magnetic moments per unit volume. The domain magnetization is a constant 
for the material depending on the atomic structure. When the magnetic moment of these 
domains are randomly oriented, the net magnetic field in the bulk material is zero and it is 
considered demagnetized. The application of an external magnetic field in the material will 
align collections of magnetic moments into one or more domains resulting in a net bulk 
magnetization. The action and dynamics of these magnetic domains provides the basic 
process for the magnetization (and magnetostriction) of the material. 
It is convenient to consider the magnetization of the material as a field distinct from B 
and H. This intrinsic field, magnetization M, is the magnetic field which results from 
ordering of magnetic domains in the material. The magnetization M is defined as the 
magnetic moment per unit volume, given in him for the SI system and emu/c^ for the CGS 
system. The relationship between B, H, and M can be expressed (for the SI system) as 
B=^oiH + M) (1.3) 
where iJio is the permeability of free space (1.245e-6 Tm/A or 1 G/Oe). The relationship 
between M and H is expressed by the susceptibility X where 
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The magnetization curve M vs. H, shown in Figure 1.2, will be a defining measure of a 
magnetostrictive material and a key to modeling. Note that while the slope of B-H 
approached ^ as H becomes large, the slope of M-H goes to zero. At this point, the 
magnetization Af approaches saturation magnetization Afy. This is known as technical 
saturation, which occurs when all the domain magnetizations are coUinear with H and the 
material can be considered a single domain. 
1.1.4 Magnetic energy 
The magnetization process can be described by considering the energy at the domain 
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Figure 1.2: Magnetization Af versus applied field H for a theoretical ferromagnetic material. 
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(1.5) 
This internal magnetic energy can be developed from the Weis mean field concept (Cullity 
1972; Jiles 1991), where is the mean long range coupling between magnetic moments. 
This term is a constant at the domain level. In the presence of an external magnetic field ff, 
the interaction of the domain magnetization and applied field is quantified by the magnetic 
energy 
Many materials are anisotropic, meaning the magnetization is dependent on direction. 
Directions of lower energy due to the crystalline structure and magnetic state give rise to easy 
axes, and the material is said to have texture. Mechanical stress can also introduce an 
anisotropic energy on the material. These terras will be discussed further in Section 1.3.5. 
The B-ff hysteresis loop shows the time delay or phase shift between excitation 
applied magnetic field H and the material response magnetic induction B. Thus, for a given 
H, two values of B are possible. The essence of magnetic hysteresis is seen in the fact that 
the area enclosed in the sigmoid represents energy lost in one cycle. This can be seen by 
considering the magnetic energy over the cycle 
(1-6) 
Ehys=lBdH. (1.7) 
This energy loss can be considerable and can result in heating and lowered efficiency for the 
magnetostrictive process. 
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1.1.5 Magnetization processes 
The actual magnetization of a ferromagnetic material involves reversible and 
irreversible magnetic changes. In order to develop appropriate models of material 
magnetization, the action of the domains under the influence of an external applied field H is 
considered. The applied field will rotate individual atomic magnetic moments in the domain 
wall, the transition region between domains. The domain with magnetization oriented in the 
direction of the applied field grows at the expense of another domain with magnetization less 
favorably oriented. This process is visualized as the domain wall moving through the 
material. The applied field can also rotate the direction of the domain magnetization (note 
the magnetization magnitude of the domain has not changed only the direction relative to the 
applied field). Both these processes can be reversible or irreversible depending on whether 
the process is thermodynamically conservative. If the process is reversible, the 
magnetization will return to its original value after the application and removal of an applied 
field. Experimentally, this is found to occur only for small field increments and hence small 
changes in magnetization. Irreversible magnetization processes are seen when the applied 
field is cycled and the magnetization versus applied field shows the hysteretic shape of 
Figure 1.2. 
1.1.5.1 Domain magnetization rotation 
The rotation of the domain magnetization direction, or domain rotation, will be 
considered first. The rotation of the direction of magnetization is due to the balance of the 
anisotropy energy (such as magnetocrystalline and mechanical) and the external applied field 
energy. Since the magnetization moves to a configuration which minimizes the system 
energy, as the external field changes the magnetization will change direction. 
For low field levels, the direction of magnetization will displace only slightly from 
the initial orientation and reversible or coherent rotation results. At intermediate to high 
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magnetic field levels, the field provides sufficient energy to overcome the anisotropy energy 
and the magnetization vector will move to another magnetic easy axis, one that is closer to 
the direction of the applied field. After the field is removed, the magnetization will not return 
to the original configuration because of the energy potential well of the magnetically easy 
axis and the process is irreversible or incoherent. At high fields the process is again 
reversible as the energy provided by the applied field moves the magnetization into the field 
direction. 
1.1.5.2 Domain wall motion 
The boundary which separates two regions with the magnetization pointed in different 
directions is known as a domain wall or Bloch wall for bulk specimens. The domain wall 
can be visualized as a thin region where the magnetic moments gradually change from one 
direction to another. 
The domain wall energy is determined in part by the angle between the magnetization 
vectors on either side of the wall. This in turn will determine the wall thickness. Energy 
minimization will determine the action of the domain walls when a field is applied. In the 
domain wall, the energy balance between the exchange energy and anisotropic energy, such 
as the magnetic energy Em, is very delicate. A small change in energy due to the external 
field will readily cause magnetic moments in the wall to rotate, causing the wall to move or 
translate. The magnetic energy will decrease as domains oriented in the direction of the field 
increase in size at the expense of domains oriented in other directions. This means domain 
walls will move to increase the size of the domains with favorable alignment In fact this 
wall translation can be visualized as the motion of a wave through a material. Domain wall 
motion is shown in Figure 1.3. When H is applied upward, the 180° domain wall moves to 
the right, and domain I grows at the expense of domain II. 
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Domain' Domam 
Figiire 1.3: The transition of magnetic moments at a 180' domain wall moving to the right 
under the influence of an applied field pointed up (Jiles 1991 pp. 127). 
Domain walls will find it energetically favorable to connect to pinning sites in the 
material. The pinning sites can be crystal imperfections, magnetoelastic coupling (strain) 
dislocations, or magnetic inclusions, such as second phase material with different magnetic 
properties or grain boundaries. Energy will be required to detach the wall fi-om. the pinning 
site so the wall can move. This results in energy loss as the domain wall moves through the 
material and the material magnetization changes. The higher the density of these inclusions 
which pin the domain walls, the larger the impedance to domain wall motion and the greater 
the energy loss (hysteresis). At low field levels, small reversible domain wall translation is 
expected. In general, however, any domain wall motion is irreversible for materials which 
have high concentrations of pinning sites. 
The process of domain wall motion and domain magnetization rotation are 
summarized in Figure 1.4. An initially demagnetized sample (a) is magnetized by an external 
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magnetic field H oriented along the [ll2] direction (see Appendix B for an explanation of 
the vector notation). First, domain wall motion takes place which enlarges favorably oriented 
domains (b). At higher fields, domain wall motion and irreversible domain rotation result in 
a single crystal material with magnetization oriented in an easy axis direction, shown in the 












Figure 1.4: The magnetization process under the application of an applied field H ,  from the 
demagnetized state shown in a) by domain wall motion, shown in b) and by domain 
magnetization rotation, shown in c) and d) (Cedell 1995 pp. 4). 
12 
The initial magnetization curve {M-H) sheds light on the magnetization mechanisms. 
In Figure 1.5 the initial magnetization of a magnetostrictive material is shown with three 
regions delineating the predominant magnetization process. At low magnetic field levels, 
section A, the growth of domains oriented in the direction of the field takes place and the 
process is considered primarily reversible. At intermediate magnetic field levels, section B, 
irreversible domain rotation takes place as the domain magnetization rotates between 
magnetically easy axes. At high field levels, section C, reversible rotation takes place as the 
magnetization rotates from the easy axis nearest the field direction into the field direction and 
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Figure 1.5: Initial magnetization versus applied field of a theoretical ferromagnetic material 
showing three regions corresponding to the primary magnetization process; A) domain wall 
motion, B) irreversible domain rotation, and C) reversible domain rotation. 
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It is important to note that while domain rotation and domain wall motion are distinct 
processes, both processes can occur simultaneously at a given magnetization level in 
different volumes of the material or even in the same volume. 
1.1.6 Generation and measurement of magnetic fields 
A review of magnetism is not complete without discussing Maxwell's equations. 
These equations will be needed in later development 
In the beginning of the 19th century. Oersted discovered that a moving charge 
generated a magnetic field in a plane perpendicular to the direction of charge motion. Thus, a 
current in a conductor could be used to produce a magnetic field around the conductor. 
Amperes law describes this electromagnetic relationship; the area integral of H in the 
direction of a conductor element d£\& equal to the number of current carrying conductors, Nc, 
times the current, /, 
This is simply the integral form of Maxwell's equation for magnetostatic fields. Magnetic 
fields of strong intensity and uniform distribution can be generated inside a large number of 
loops wound together to create a solenoid. Equation 1.8 can be solved for H in the middle of 
a winding of diameter, DQ, and length, Lc, 
(1.8) 
(1.9) 
For an infinitely long thin solenoid a simple expression is derived. 
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(1.10) 
Placing a magnetostrictive element inside such a solenoid with an impressed current provides 
an efficient means of magnetizing the element 
Another of Maxwell's equations, known as Gauss's law of magnetism, is given by 
The flux density 5 is a vector quantity, where magnetic flux <p = BAc in area Ac. Equation 
1.11 states that the divergence of B is zero, meaning that the magnetic flux is always 
conserved. Therefore, magnetic flux lines close, defining a magnetic circuiL Elements of the 
magnetic circuit through which magnetic flux flows are said to be flux linked. This makes it 
possible to magnetize one component of the magnetic circuit by generating a magnetic field 
in another component. 
The Faraday-Lenz law, another of Maxwell's equations, describes how a magnetic 
flux induces a potential in an electrical conductor to which it is flux-linked. In its simplest 
differential form, the Faraday-Lenz law is given by 
where V is the induced voltage in the solenoid of constant area AC. The negative sign 
indicates that the voltage measured is 180° out of phase with flux <p. According to this law, a 
potential will be induced in any electrically conducting material which makes up the 
magnetic circuiL Based on this principle it is possible to measure the magnetic flux density 
of the magnetostrictor by the voltage induced in a flux-linked coil. This can also cause 
V«5 = 0. (1.11) 
(1.12) 
15 
considerable problems since currents driven by the potential (known as eddy currents) will 
cause ohmic losses and reduce the magnetization of conducting components (Stoll 1974; 
Lammeraner and Stafl 1966). 
Numerous methods of measuring a magnetic flux are available, including a Hall 
effect probe, which utilizes the property of a core material to produce a voltage when 
magnetized. For more details on experimental measurements of magnetic systems the reader 
is referred to the references (Zijlstra 1967; Cullity 1972; Chikazumi 1984; Jiles 1991). 
I J. Magnetostriction 
This section will provide an overview of magnetostriction which will provide the 
background for specifics on giant magnetostrictive material (GMM) in the next section. 
1.2.1 Magnetostriction overview 
The history of magnetostriction begins in the early 1840s when James Prescott Joule 
(1818-1889) positively identified the change in length of an iron sample as the magnetization 
changed. Work continued with magnetostrictives, including nickel and permalloy, into the 
20th century, resulting in an early magnetostrictive telephone, magnetostrictive oscillators, 
torquemeters, and sonar (Hunt 1953). However, it was not until the discovery of "giant" 
magnetostrictive alloys by the Naval Ordinance Laboratory in the 1960s (Clark 1980) that 
magnetostrictive materials became a contending transducer technology. Many uses for 
magnetostrictive actuators, sensors, and dampers have surfaced in the last two decades as 
more reliable and larger strain and force giant magnetostrictive materials such as Terfenol-D 
have become commercially available. Applications for giant magnetostrictive transducers 
have included high force linear motors, positioning for adaptive optics, active vibration or 
acoustical control devices, ultrasonic devices, speakers, pumps, and sonar (Goodfriend, 
Shoop et al. 1994). 
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Magnetostriction can be deHned as a change in a material's elastic state that 
accompanies a change in its magnetization. The principle raagnetostrictive effects observed 
experimentally are: 1) Joule Oongitudinal extension), 2) volume (volumetric expansion), 3) 
Wiedemann (twisting due to helical magnetic field), and 4) form (magnetostatic effect). In 
addition, inverse effects are observed, such as the Villari effect. The Villari effect, the 
change in magnetization due to an applied stress, is also referred to as the raagnetostrictive 
effect and magnetomechanical effect. For most transducer applications where maximum 
output force and stroke are desired. Joule magnetostriction and the inverse Villari effect are 
the most technically applicable. Therefore, the discussion that follows will primarily 
concentrate on these effects. Information on the other effects can be found in the references 
(Lee 1955; Lacheisserie 1993). 
All ferromagnetic materials exhibit magnetostriction, however for many materials, its 
magnitude is too small to be of consequence. Some transition metals and rare earths produce 
much larger magnetostriction, particularly when combined in alloys to obtain Curie 
temperatures above ambient The material exhibiting the largest strains currently available at 
room temperature is Terfenol-D, an alloy of terbium, iron, and dysprosium. Nominal 
longitudinal strains for various materials are shown in Table LI. Note that nickel has a 
negative raagnetostrictive constant, its length decreases in the presence of a raagnetic field, 
while other materials including Terfenol-D have a positive raagnetostrictive constant In the 
case of iron the raagnetostrictive constant changes from positive to negative, known as the 
Villari reversal, as the field is increased (Bozorth 1951). 
1.2.2 Description of magnetostriction 
For raagnetostrictive material, the elastic and raagnetic states are linked. As the 
magnetic state is changed by processes described in Section 1.1.5, the elastic state will 
change as well. A magnetic phase transition can result as the temperature drops below the 
17 
Table 1.1: Nominal strain of magnetostrictive materials 
Material Magnetostriction (ppm) 
Iron 20 
Nickel -40 
Alfenol 13 40 
NiCo 186 
Terfenol-D 1740 
Curie temperature. The material will then change from an unordered paramagnetic state to 
an ordered ferromagnetic state. This ordering of the magnetic domains results in a change in 
shape known as spontaneous magnetostriction. In general, raagnetostrictive materials are 
used at temperatures below the Curie temperature where the magnetostriction can be field 
induced. This means an external magnetic field is used to change the magnetic and 
magnetostrictive state of the material. 
The application of an external magnetic field magnetizes the material in the same 
manner as described in Section 1.1.3. However, for a magnetostrictive material this 
magnetization results in the material straining. This strain, known as field induced 
magnetostriction, is dependent on direction for anisotropic materials (Lee 1955; Jiles 1991). 
As the magnetic domains in a sample align in the same direction forming a single 
domain and the magnetization approaches Ms. the material reaches technical saturation 
magnetostriction Aj. While this is the largest practically realizable strain for the material 
under quasi-static conditions, very small increases in magnetization and magnetostriction can 
occur at higher field levels. At very large fields, on the order of 800 kA/m (10,000 Oe), an 
additional change in strain known as forced magnetostriction results from the ordering of 
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individual atomic magnetic moments within a domain. Since this effect is only seen at such 
large fields, it is of little interest for most practical applications. 
A visual representation of the spontaneous and field induced magnetostriction for an 
isotropic ferromagnetic material is shown in Figure 1.6. The material is modeled as highly 
magnetic regions embedded in a less magnetic matrix. When the temperature is greater than 
the Curie temperature, the material is paramagnetic, this is shown in Figure 1.6a as circles. 
As the material is cooled below the Curie temperature, its once disordered magnetic moments 
become ordered in the domain, causing them to grow ellipsoid in shape with a length e, as in 
Figure 1.6b. The arrows represent the domain magnetization vectors. Since the material is 
isotropic, the domain magnetization vectors are randomly oriented at an angle 6 from the 
direction of measurement The magnetization vectors sum to zero for the bulk sample and 
the sample is in its demagnetized state. However, the length in the direction of interest will 
be 
e(0) = ecos20 (1.13) 
Since all angles 9 are equally likely, the average strain in the direction of interest is then 
Xo = e sine dQ = e/3 (1.14) 
When a magnetic field is applied, the domains will rotate to align with the direction of the 
field. In a positive magnetostrictive material, the long axis of the ellipsoid will be parallel to 
the field direction, as shown in Figure 1.6c. If all the domains were aligned in the same 
direction, the strain would be e for a positive magnetostrictive material. The difference 





Figure 1.6: Isotropic ferromagnetic material a)in paramagnetic state, b) in ferromagnetic state 
witli spontaneous magnetostriction induced, andc) with saturation magnetization (Jiles 1991 
spontaneous strain in the absence of an external field XQ is the technical saturation 
magnetostriction Xs given by 
A sufficiently large field will align all the domains producing the largest strain in the 
material. The technical saturation magnetostriction Xs is the amount of strain available firom 
the material when it has been magnetized to saturation magnetization Mj. This provides 
designers with a measure of the material's straining capability that can be tapped for a given 
application. 
pp. 99). 
Xs = e - Xo = 2l3 e. (1.15) 
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In the above isotropic example, the change in magnetization was assumed to result 
exclusively from the rotation of the domain magnetization vectors. Therefore, the 
magnetization Af in the field direction is 
M = Ms cosd, (1.16) 
where 6 is the angle between the domain magnetization and the field direction, which is 
assumed to be coUinear with the measurement direction. Equation 1.16 can be solved for 
cos6 and substituted into equation 1.13 along with e from equation 1.15. The 
magnetostriction in the direction of the field, e( 6) is renamed X and given as 
A = 3/2 Aj cos^e = 3/2 Xs (1.17) 
This equation shows the symmetry of strain with magnetization; magnetizing a 
sample with either polarity results in a positive magnetostriction. Although the simplified 
description given above has limitations, it has proved useful for modeling the 
magnetostriction processes where the primary magnetization mechanism is domain rotation. 
The longitudinal magnetostriction is the primary process employed for transducers, 
however, the transverse strain should be noted. Since volume magnetostriction is very small, 
the transverse magnetostriction is approximately negative one half the longitudinal 
magnetostriction (Af = -1/2 A). The transverse magnetostriction has proved to be useful in 
some applications, such as linear worm motors. 
This magnetostrictive process relating the magnetic and mechanical states can be 
described with two coupled linear equations. These equations of state for a magnetostrictive 
element are expressed in terms of mechanical parameters (strain e, stress a. Young's 
JJ 
modulus at constant applied magnetic field Ey ), magnetic parameters (applied magnetic 
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field H, magnetic induction B, permeability at constant stress //<^), and two 
magnetomechanical coefficients (the strain coefficient d = deldH\(j, and = dBld<^i{-) 
e=GlEy"+dH (1.18a) 
(1.18b) 
In these equations e and B are dependent on cr and H, which are externally applied. 
Equations 1.18 can be applied to a magnetostrictive element composed of theoretical 
oblong domains as in Figure 1.7, illustrating the coupling between the magnetic and 
mechanical parameters. The coupling can be understood by considering the action of the 
oblong magnetic domains, which are free to rotate about an axis perpendicular to the axial 
direction, under the influence of a stress or magnetic field. Under an axial compressive 
prestress <t, the domain magnetization will rotate away from the axial direction, decreasing 
the length, by an amount inversely proportional to the Young's modulus, and decreasing B in 
the axial direction. In addition, H directed axially will cause the domain magnetization to 
rotate toward the axis, increasing the length by an amount proportional to d. Simultaneously, 
B in the axial direction will increase, by an amount proportional to 
Equations 1.17 and 1.18 are helpful in conceptualizing the bulk magnetostrictive 
process. However, several effects have been conspicuously neglected. First, the hysteretic 
effect between B-H and M-Hse&n in Figures 1.1 and 1.2 is missing. According to equation 
1.17, strain will be single valued with the magnetization, thus anhysteretic. Second, no 
mention has been made of dynamic effects, such as mechanical resonance and eddy currents. 
Finally, the performance of the magnetostrictor is very sensitive to operating conditions such 
as prestress, magnetic bias, temperature, load, and drive level, and the interaction between 
them. The interaction between effects is not explicitly seen. These issues will be discussed 
in the next section which specifically addresses giant magnetostrictive material Terfenol-D. 
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a 
Figure 1.7: Magnetostrictive rod under the influence of compressive stress o and applied 
field H. 
1.3 Giant magnetostrictive material 
Now that a general framework for magnetostriction has been developed, specifics 
related to giant magnetostrictives will be considered. 
1.3.1 Giant magnetostrictive material origin 
In the early 1970s, the search for a material that exhibited large magnetostriction at 
room temperature grew out of the discovery of the extraordinary magnetic and 
magnetoelastic properties of rare earths. In particular, hexagonal Terbium and Dysprosium 
were found to have basal plane strains on the order of 1% at very low temperatures. 
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Unfortunately their magnetostriction reduced significantly near room temperature. However, 
rare earth intermetallics of Terbium or Samarium containing iron were useful above 180° K. 
Substitution of other rare earths for Terbium in the Tb Fe resulted in improvements in 
magnetic and mechanical properties. Dysprosium was the most successful substitution since 
it reduced the lowest order cubic magnetic anisotropy Kj (Kj <0 for Tb Fe2 and Kj >0 for 
DyFe2 with large positive saturation magnetostrictions for both). This alloy of Tb Dy Fe 
became known as Terfenol-D (Terbium Ter, Iron Fe, Naval Ordnance Laboratory NOL, 
Dysprosium D) with stoichiometry given by Tbx Dyi-x where y ~ 2.0 and x ~ 0.3. 
1.3  ^Terfenol-D form and production 
Terfenol-D is currently available in a variety of forms, including thin films, powder 
composites, and monolithic solid samples. The focus of this dissertation will be on last form, 
which is currently the most common for transducer applications. Reviews of giant thin film 
magnetostrictive material is available in the references (Lacheisserie 1993; Body, Cugat et al. 
1996; Uchida, Wada et al. 1996). Terfenol-D in powder form can be used in several ways. It 
provides an alternative form for the start material for making monolithic bulk samples. Giant 
magnetostrictive particle composites (GMPC) solidify Terfenol-D powder in a matrix 
composite. Typical volumetric ratios of Terfenol-D to matrix material are 10-40% CDuenas, 
Hsu et al. 1996). This form has the advantage that non-electrically conducting matrix 
material can be used, drastically reducing eddy current losses. In addition a much wider 
range of geometries are possible with this process and the elastic properties, in particular 
ductility and machinability can be greatly improved. The major disadvantage is that the 
strain output and strain rate with applied field decrease with the reduction of the percentage 
of Terfenol-D in the composite (Cedell 1995; Anjannappa and Wu 1996; Duenas, Hsu et al. 
1996; Pulvirenti 1996). 
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Monolithic solid rods are the most commonly employed form. A wide variety of 
sizes and shapes are available; samples with cross section ranging from 1 to over 3600 mm 
square are made commercially (Etrema Products Inc.). By far the most common shape is 
cylindrical, however complex shapes can be made with precision machining (Weisensel 
1997). Samples made of submillimeter thickness laminations can be created by machining 
bulk samples. 
Production of quality Terfenol-D samples requires a high degree of control in the 
production and refining process. Since Terfenol-D contains a large number of defects, heat 
treatment and magnetic annealing are found to greatly improve the material properties 
(Verhoeven, Ostenson et al. 1989; Verhoeven, Gibson et al, 1990), in particular the strain 
coefficient and coupling are improved dramatically at low prestress. The crystal growth 
process requires a high degree of purity of Terbium, Dysprosium, and Iron (on the order of 
99.99%). In general it is necessary to refine these elements to remove contaminants, such as 
Oxygen, Hydrogen, Carbon, and other metallics. Common refining techniques include 
vacuum re-melting, sublimation, zone refining, and solid state electrotransport (Reed 1994). 
The production of high quality Terfenol-D is dependent on the ability to grow well-
oriented, aligned crystals (Verhoeven, Gibson et al. 1987). The Terfenol-D crystals form 
through a peritectic reaction where the primary RFes crystal phase uses the surrounding melt 
to form a new crystal structure of RFe2. (The R stands for the rare earth element). RFe2 
crystals react with molten rare earth rich melt to produce Tb Dy Fe. The growth of aligned 
crystals requires balance between the growth and the thermal conditions. This means the 
thermal gradient at the crystal growth interface must be strictiy controlled. High thermal 
gradients are maintained coincident with the crystal growth plane to minimize 2nd phase 
induced imperfections. 
In the final product, a well made sample should have all crystals aligned, thus 
producing a single crystal material. However the development of the crystals takes place in 
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discrete planes or dendrite sheets separated by pure rare earth metal, identified as RE in 
Figure 1.8 (Verhoeven, Gibson et al. 1987). Another pertinent effect is the development of 
parallel sets of twin boundaries, which are parallel to the [l 12] axis, in the dendrite sheets. 
Therefore, Terfenol-D is commonly called a twinned, single crystal material. The twin-
parent interface forms 180° domain walls (Verhoeven, Ostenson et al. 1989). 
In most cases the growth direction is in the [ll2] rather than easy axis [llT]. 
However, recent work has shown it is possible to grow [nT] oriented material (Zhao, Wu et 
al. 1996). In addition, samples of [ill] oriented material have been cut from [ll2] oriented 
material. Research by James et al. based on micromagnetic models of twinned Terfenol-D 




Figure 1.8: Formation of dendritic sheets in Terfenol-D (Verhoeven et al. 1990). 
Monolithic Terfenol-D can be produced in a number of ways, including Roat Zone, 
Modified Bridgman, Czochralski, and Sintered Powder Compact (Reed 1994). The most 
common mass production methods are Float Zone Melt (Free Stand Zone Melt and contained 
float zone), and Bridgman technique. These two methods, known as the directional 
solidification methods, provide better crystal orientation and hence better performance than 
other methods (Snodgrass and McMasters 1997). 
noat zone requires starter material, arc cast Terbium, Dysprosium, and Iron with 
numerous impurities and segregation phases, which is heated by induced eddy currents as it 
is passed lengthwise through a heating coil. This serves to electromagnetically stir the 
material melt as aligned crystal growth takes place. Surface tension is required to maintain 
the melt zone, which limits the size of samples made with this process to 7 ram in diameter or 
less. FSZM produces the highest quality material capable of quasi-static strains of up to 
1740 ppm. 
The Bridgman technique uses a seed crystal placed in the tip of a crucible filled with 
start material. The seed crystal is melted and it starts the crystal growth process as the 
crucible is lowered through a heating coil. Control of the heating is the key to reducing 
stresses in the material which result in mis-aligned crystals. Current commercial Modified 
Bridgman techniques (Etrema Products, Inc.) can produce rods with diameters upwards of 65 
mm diameter. The performance of the material is only slightly below that of FSZM 
(Snodgrass and McMasters 1997). Additional benefits of this method lie in the increased 
production capacity, which is a significant cost driver. 
Sintered powder compact, or liquid phase sintering, uses pellets of Terfenol-D 
powder which are compressed with an inert gas while exposed to a magnetic field. The 
material is then sintered in a furnace. In both methods the liquid material is allowed to 
solidify so that crystals grow uniformly in the axial direction. Sintered powder compact has 
the advantage of providing the ability to make complex shapes by solidifying the compact in 
a mold. Details on powder composites, including experimental results and modeling can be 
found in the references (Cedell 1995; Anjannappa and Wu 1996; Duenas, Hsu et al. 1996; 
Pulvirenti 1996). In this work the monolithic forms, either FSZM or MB, will be considered, 
since these are the most common commercially available form for transducer applications. 
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1.3  ^Stoichiometry 
The perfonnance of Terfenol-D varies greatly with the stoichiometry (Clark 1980). 
The perfonnance peaks around room temperature, since the maximum ratio of 
magnetostriction to anisotropy, known as the anisotropy compensation, occurs for 
0.27<:x<0.3 and 1.95<9'<2.0. Small changes in x and y can result in significant changes in the 
magnetic and magnetostrictive properties of the material. Although Terfenol-D is brittle, 
particularly in tension, the stoichiometry can be tuned to increase the ductility. Decreasing y 
below 2.0 reduces the brittleness of the compound dramatically while at the same time 
r e d u c i n g  t h e  s t r a i n  c a p a b i l i t y  b y  s u p p r e s s i n g  t h e  g r o w t h  o f  b r i t t l e  p r i m a r y  i r o n  r i c h  H F e j  
structure. The quantity y in the range of 1.92 to 1.95 is found to be the optimum balance 
between these two contradictory trends, where the brittleness is decreased without significant 
reduction in strain capability. Terfenol-D compound has an extremely large magnetostrictive 
ability as discussed above and the magnetocrystalline anisotropy can be reduced by 
increasing x above 0.27 without significantly effecting the magnetostriction. Thus, for x 
between 0.27 and 0.3, large magnetostriction is realized at lower fields and a more efficient 
energy transduction process is realized. 
1.3.4 Crystallography and structure of Terfenol-D 
Terfenol-D crystals grow in dendritic sheets oriented in the [ll2] direction at a 19.5° 
angle from the nearest <111>. The [ll2] is generally the axial direction of the sample, as 
depicted in Figure 1.9. The magnetization vector M is seen at an angle 0 from the [001] axis 
and angle <p from the [100] axis. The plane (l 10) corresponds to the dendritic sheets seen in 
Figure 1.8. In Terfenol-D around room temperature, the magnetically easy axes are the 
<111>, and the greatest magnetostriction will result from Af rotating from [111] to [l iT]. 
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: 
Figure 1.9: The orientation of the crystal axis in a monolithic Terfenol-D sample (Cedell 
1995 pp. 11). 
13.5 Energy description 
An energy description of the mechanisms described in the two prior sections is 
presented next, in order to provide an alternative development and explanation of the 
magnetostrictive process. An energy approach facilitates the development of several 
concepts which are particularly helpful in understanding magnetostriction, for example the 
magnetomechanical coupling, dependence on stress, magnetic anisotropy, and the role of 
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texture (magnetically easy axes) in the performance of magnetostrictives. The energy state of 
the material will be found to be an excellent means of determining the magnetic and elastic 
state of the material, hence it will prove to be a natural way to model the magnetostrictive 
performance. 
The total energy of a magnetostrictive material Efot is the sum of the four terms 
where EQ is the magnetic energy independent of the magnetization direction (the long range 
magnetic coupling), Ea is the anisotropic energy (the relative energy wells of the easy axes, 
also known as the texture of the material), Eme the magnetoelastic energy (due to the strain 
dependence of the anisotropy energy), and Em the energy due to an applied magnetic field 
(Lee 1955; Jiles and Thoelke 1994). 
The first term, EQ, was given by equation 1.5 and is shown again here 
Since this terra is a constant at the domain level it will not come into play in the subsequent 
development 
The crystal anisotropy energy, EQ, is assumed to depend on the state of strain (or 
interatomic distance) of the lattice. It can be considered a potential energy well in the 
direction of the crystal axes. The potential energy well gives the magnetic domains preferred 
or easy magnetization directions in the crystal lattice, hence the term "easy axis". This 
energy is expressed as a series expansion of the direction cosines of the crystal axes with 
respect to the domain magnetization direction. For a cubic crystal 
E{ot — Eo + Ea + Eme + ^m» (1.19) 
(1-20) 
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Ea = Ki, + Ki( afc^ + + af af) + K2( afafof) + F (1.21) 
where F is higher order terms which can be neglected. The Ki are material specific 
anisotropy constants, and a,- are the direction cosine defined as 
with crystal direction a,- and domain magnetization direction bm- In general only the lowest 
order terras are necessary to provide an adequate description of the anisotropic energy. For 
magnetostrictives the goal is to magnetize the material with as little energy as possible; 
therefore the lowest anisotropy energy is desirable. 
The magnetoelastic energy is the strain dependence of the anisotropy energy given by 
where Pi are the direction cosines between the stress and the crystal directions. For an 
isotropic material, magnetostrictive coefficients Xjoo and A./// are the same and equation 1.23 
reduces to the common expression 
— f' g "^*1 for i=l,2,3 (for a cubic crystal) 
K-Pml 
(1.22) 
E„g — CCiPi +a2^2 +<3^3^^—3AiiiO'('aia2^I^2"^^2'^3i^2A''"^3^li^3AKl-23) 
(1.24) 
where (p is the angle between the magnetization and applied stress. 
The energy description given above accurately describes the material in its static 
state. Under quasi-static and dynamic conditions, an external magnetic field results in an 
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additional external field energy term related to the coupling between the magnetic field 
and the magnetization. This term is given by equation 1.6, rewritten here as 
Em = -HoMsHcosQ, (1.25) 
where is the angle between Ms and H. 
The direction cosines of equations 1.21 to 1.23 can be simplified for the case of 
collinear stress and applied field, with di the angle between the magnetization and the crystal 
axes and <p the angle between the applied field (and stress) and the crystal axes. The total 
internal energy of the magnetostrictive material under a constant stress and an applied 
magnetic field is given by 
1 ^ ^ 
= -HoCcMj + Ki^cos^ d^cos^ (f>j -^oK^^cosdiCos<l>i 
3 3 3 3 0/ cos^ cosdj cos(f>i cos((>j. 
^ i=l ^ i=l 
The equilibrium condition can be found by minimizing the total energy, equation 1.26 
with respect to the angles The magnetization will be oriented in the minimum energy 
direction. If energy were provided to overcome the combined anisotropy energy, whether in 
the form of a magnetic potential or a mechanical stress, the magnetization will rotate from 
one axis to another. This can be thought of as an energy balancing act. The additional 
external energy changes the direction of minimum energy resulting in a change in the 
magnetic state. As seen in equation 1.26, the additional anisotropy due to the prestress will 
modify the minimum energy direction and the initial orientation of the magnetization vectors. 
Terfenol-D and other positive magnetostriction materials are operated under a compressive 
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load or prestress. Details on the effect of stress on Terfenol-D is discussed in Section 1.4.1 
and in Chapter 2. 
1.4 Performance and operation of Terfenol-D 
Much of the performance of Terfenol-D can be understood by considering the effect 
of stress, magnetization, and temperature. In addition, hysteresis and eddy currents will 
influence performance. 
1.4.1 Stress 
It is common practice to place a Terfenol-D sample under a mechanical compressive 
load, or prestress, for operation. The observable effects of prestress, which help explain its 
importance, are discussed in this section. 
The ability of the material to survive high accelerations and shock conditions 
improves under compressive stress since Terfenol-D is much more brittle in tension (tensile 
strength -28 MPa) than in compression (compressive strength -700 MPa) (Butler 1988). 
The strain capability of the material is increased by more than the initial compressive 
strain. The strain capability of a sample is the difference between the initial, undeformed 
length and the final saturated length. A demagnetized, uncompressed sample will have 
domain magnetizations oriented in all eight of the <111> easy directions and the 
demagnetized length will not be a minimum. The application of a compressive stress on the 
demagnetized sample, will elastically strain the material decreasing the initial, demagnetized 
length. In addition, the prestress will influence the orientation of the domain magnetization 
vectors, improving the material's initial magnetic state. 
The improved magnetic state results from the coupling between the magnetic and 
mechanical states (Villari effect). In other words, a prestress changes the initial orientation of 
domain magnetization vectors. This can be explained by considering the energy balance in 
the material. The compressive mechanical stress introduces an additional axial anisotropy 
energy, which competes with the magnetocrystalline anisotropy energy, the magnetostriction 
energy, and the applied field energy of equation 1.26. For an axial compressive stress, the 
additional energy will make it energetically favorable (minimize the total energy) for more of 
the magnetization vectors to be realigned in an easy <111> axis perpendicular to the applied 
stress. More specifically, this results in an increase in the population of domain 
magnetizations oriented in the [l ll] and [ill] directions (crystallographic easy axes) 
which are perpendicular to the applied stress. As the population density in these preferred 
directions increases, the demagnetized length decreases to a minimum and the saturation 
magnetostriction increases to its theoretical maximum. The result is that a larger percentage 
of domain magnetization vectors contribute to magnetostriction when a field is applied. In 
other words, one of the goals of applying a mechanical prestress is to rotate the magnetic 
domains perpendicular to the applied field axis to allow for more magnetostriction when a 
field is applied. 
This improved strain capability is often illustrated by the changing slope and 
maximum surain in the double sided strain versus applied magnetic field plots (butterflies), 
obtained under quasi-static conditions (Clark, Savage et al. 1984; Butler 1988; Kvamsjo 
1993; Cedell 1995). Figures 1.10a and b show an example of such data for prestresses from 
0 to 8 ksi (55 MPa) (data provided by Etrema Products, Ames Iowa). The data was collected 
under quasi-static conditions from a FS2M 0.007 m (0.275 inch) diameter rod, loaded with a 
static mass. The X-H butterflies in Figure 1.10a increase in slope and saturation strain with 
increasing presttess until a peak is reached, for a prestress of around 14 MPa (2 ksi). Further 
increases in prestress result in a decrease in the slope and much larger applied fields required 
to reach the same peak strain as the 14 MPa prestress. The B-H plot of Figure 1.10b, shows 
the sensitivity of the slope to prestress. The instantaneous permeability of equation 1.2 
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Figure 1.10: a) (left) \ versus H and b) (right) B versus H for a Terfenol-D sample at 
increasing prestresses 6.55 MPa (0.95 ksi) to 55.2 MPa (8.0 ksi) (Etreraa Products Inc). 
relation to the sensing (and self-sensing) capability of the material (Lacheisserie 1993; 
Calkins and Flatau 1997). 
The A-Af plot has been reported to be nearly independent of prestress at prestresses 
above a nominal value (Clark, Teter et al. 1990). Ranges for this X-M stress independence 
are given as 5.5 to 35 MPa and 15 to 55 MPa (Clark, Teter et al. 1990). In addition at higher 
prestresses the A-Af plot appears quadratic, indicating that the primary magnetization 
mechanism is rotation and equation 1.17 is appropriate (Kvamsjo 1993). The validity of 
equation 1.17 was analyzed for single crystal Terfenol-D by Clark et al. (Clark, Savage et al. 
1984). It is noted by Clark et al. that a quadratic strain-magnetization relationship is not 
correct for low prestress (< 30 MPa). In this regime, the strain is found to be a function of 
stress direcdy and hysteresis is observed. 
Further measures of the change in performance with prestress are found in the 
literature. For example, Moffett et al. explored the effect of prestress on quasi-static 
performance of Terfenol-D as well as the interaction of the prestress with magnetization 
(Moffet, Clark et al. 1991). Schulze et al. found experimental evidence of negative strain 
(approximately 120 |ie) for Terfenol-D magnetically driven under certain prestress levels 
(Schulze, Greenough et al. 1992). They also found improvements in different measures of 
the material performance (coupling kcc, axial strain d, and permeability fi) with prestress, 
including optimum values (Schulze, Greenough et al. 1992). A detailed study of the effect of 
stress on magnetoelastic performance by Pitman found similar results (Pitman 1989). The 
dependence of the dynamic material properties on prestress will be examined in Chapter 3. 
For cyclic stresses, several additional effects are noted. The total change in 
magnetization due to a change in stress is known as the Villari effect, which has important 
uses for sensing and passive damping. Changes in magnetization caused by changes in stress 
can be measured with an inductive coil that is flux linked to the Terfenol-D as per the 
Faraday-Lenz law (equation 1.12). Passive damping occurs as the material's mechanical 
energy is converted to magnetic energy. In addition, energy can be dissipated once it is 
converted to electrical energy, through a mechanism similar to that employed in the sensing 
process. In contrast with other materials, such as PZTs which can depole, the performance of 
Terfenol-D does not degrade after a large number of cycles. In fact, after the application of a 
large number of cyclic stresses of large amplitude (10<5 cycles of amplitude 100 MPa), the 
magnetoelastic properties are seen to improve (Prajapati, Greenough et al. 1996). 
The effect of cyclic stress has been modeled for magnetostrictive materials (Jiles 
1995). The law of approach states that the magnetization will move toward the minimum 
energy magnetic state when the material is stress cycled. This is due to the fact that stress 
frees domain walls'from inclusion sites in the material. The domain walls are then able to 




A Terfenol-D element is magnetized by the processes of domain wall motion and 
domain magnetization rotation, as discussed in section 1.1.5. As discussed in section 1.4.1, 
under sufficient prestress, domain magnetization rotation is thought to be the primary 
magnetization mechanism (Clark, Savage et al. 1984), and larger strain output is achieved 
since more domain magnetizations are rotated through 90 degrees. 
Around room temperature, under the application of a prestress which serves to 
increase the population of magnetization vectors perpendicular to the drive axis, an external 
applied field will cause a nearly discontinuous change in strain. This "jumping" or burst 
effect is a result of the magnetization vectors rotating between highly magnetostrictive, 
magnetically easy <111> axes, one which is perpendicular to the [ll2] and one 19.5° from 
the [112] (Clark and Teter 1988). The applied magnetic field which causes this jump is 
known as the critical field. Under zero prestress, the critical field ranges between 14 and 23 
kA/m (175-288 Oe); for 7 MPa (~1 ksi) applied axially, the critical field has increased to 27 
kA/m (340 Oe) for rotations from the highly populated [111] and [l 1 l], which are 
perpendicular to the [1I2]. These results and further discussion based on the three 
dimensional domain rotation model of Jiles and Theolke can be found in the references 
(Thoekle and Jiles 1992; Thoelke 1993; Jiles and Thoeike 1994). Identification of the critical 
field allows operation of the material in the burst region, where the highest output strains per 
unit applied field are achievable. 
Operation around the critical field highlights the need for applying a magnetic bias to 
a Terfenol-D transducer. This leads to improved performance, particularly when the 
Terfenol-D element is operated under a compressive prestress. This improved performance 
is identified with improvements in efficiency, coupling, axial strain coefficient, permeability, 
and Young's modulus. Hence the magnetic bias can be used to tailor the performance of a 
Terfenol-D transducer. For example, the change in Young's modulus with magnetic bias. 
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known as the AE effect, can be used to shift the mechanical resonance of the system. There 
are however disadvantages to operation with a magnetic bias and for high drive levels the 
unbiased operation may be preferable (Pratt et al. 1997). For example, the magnetic bias 
limits the drive level to an AC amplitude of one half the DC magnetic bias to avoid 
frequency doubling. 
The magnetization and magnetostriction process is shown in Figure 1.11 for the twin 
parent structure. Under a sufficient prestress of approximately 6.25 MPa (0.9 ksi) all the 
magnetic moments lie in the [111] and [l 1 l], which are perpendicular to the [ll2], as 
shown in Figure 1.11a. When a field H is applied along the [ll2], the domains oriented 
favorably grow at the expense of those not so oriented and the magnetization vectors start to 
rotate. When the critical field is reached enough energy is available to overcome the 
magnetic anisotropy of the easy axis and the parent will jump from the [111] and [l 1 l], to 
the [ll l] which is 19.5° from the axis [ll2] as shown in Figure 1.7b. This can lead to 
nearly discontinuous changes in magnetization and magnetostriction. Above the critical 
field, increasing alignment occurs as the parent rotates into the [l 12] and the twin rotates as 
well. Note that there remain many questions regarding the magnetization process of twirmed 
Terfenol-D (Clark 1997). 
1.4.3 Temperature 
The performance of Terfenol-D is strongly effected by temperature, as evidenced by 
quasi-static experimental data. Figure 1.12a and b show the ?^-H and B-H plots of Terfenol-D 
under 13.3 MPa prestress at -50°, 0°, 20°, and 80° C (Clark 1994). Significant changes 
observed in the shape of both figures with temperature indicates the importance of operating 
in the optimal temperature regime, i.e. around room temperature. The most striking effect is 
the change in magnitude of the magnetostriction at a field level of 20(X) Oe from -50° C (200 
ppm) to 0° C (1740 ppm). 
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Figure 1.11: Magnetostriction process for twinned Terfenol-D (Clark 1994). 
As mentioned previously, Terfenol-D is tailored for operation at room temperature 
with the anisotropy coefficient being a function of temperature. The anisotropy coefficient 
Ki (in equation 1.21) approaches a minimum (close to zero) around -10° C and the overall 
performance peaks around 0° C, falling off below and above this temperature. Above room 
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Figure 1.12: Temperature dependence of quasi-static a) (left) A.-H and b) (right) B-ff for 
Terfenol-D sample (Clark 1994). 
As the temperature increases above the anisotropy compensation temperature, 
different magnetization processes dominate, thus accounting for the difference in 
performance (Clark 1994), At temperatures below the anisotropy compensation temperature, 
the less magnetostrictively active <100> axes are magnetically easy. The primary 
magnetization mechanism is 180° domain wall motion with some magnetization rotation 
from <100> to <111> axes and the material is capable of very little magnetostriction. As the 
temperature approaches the anisotropy compensation temperature, the magnetostriction 
increases. Above the anisotropy compensation temperature, the highly magnetostrictive 
<111> axes are magnetically easy. As the temperature is increased from -50° to 0° C, an 
applied field causes an order of magnitude increase in magnetostriction. This large increase 
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in magnetostriction is due, in part, to the burst effect ("jumping"), which occurs when the 
magnetization rotates from one easy <111> to another <111> oriented closer to the applied 
field direction. As the temperature is further increased above room temperature, the 
magnetostriction decreases slightly. This is due to the reduction in the saturation 
magnetostriction with temperature in this temperature regime. At even higher temperatures 
further changes occur until the Curie temperature is reached and the Terfenol-D becomes 
paramagnetic. 
1.4.4 Additional operating effects 
The above development provides a useful description of magnetostriction under 
quasi-static conditions. However when attempting to use magnerostrictive materials in 
actuators for dynamic applications other factors which effect performance should be 
considered. These include magnetomechanical hysteresis, eddy currents, mechanical 
resonance (Chapter 3), and operating conditions (Section 1.5). 
1.4.4.1 Magnetomechanical hysteresis 
Terfenol-D exhibits magnetomechanical hysteresis as seen in strain versus applied 
magnetic field relation (Figure 10a at all prestresses). In all cases, the symmetry of strain 
with applied field results in the characteristic butterfly. Hysteresis results from internal 
friction as the domains attempt to rotate to align with the magnetic field. Another cause of 
hysteresis is the anisotropy of the crystal structure. The action of an applied magnetic field 
will cause a domain magnetization vector to jump from an initial orientation to a preferred 
lower-energy orientation. Since this process is irreversible, energy is lost in the process. 
Hysteresis is also seen in the strain versus magnetization plot of Figure 1.13. 
Equation 1,17 indicates that strain will be single valued with the magnetization, thus 






-110® -510^ 0 510^ 110® 
M (A/m) 
Figure 1.13: Strain versus applied magnetic field for Terfenol-D under 13.6 MPa (1.95 
ksi) (Etrema Products Inc.). 
(Tbo3Dyo.7Fei.9) (Moffet, Clark et al. 1991), however does not appear to be universally true 
as seen in Figure 1.13. In fact this relationship has been used extensively to model Terfenol-
D under sufficient prestress, where the primary magnetization process is assumed to be 
domain rotation (Clark, Savage et al. 1984). 
1.4.4.2 Eddy currents 
Dynamic operation leads to additional complications in the performance of the 
Terfenol-D material in the form of eddy currents. As modeled by the Faraday-Lenz law, 
eddy currents are set up in a conductor to resist changes in a magnetic field. Therefore, an 
AC magnetic field will induce eddy currents in the Terfenol-D material, which is a good 
conductor (resistivity around 60x10"® flm (Butler 1988)). Eddy currents produce a magnetic 
flux that resists the AC applied field, thus magnetic flux will not be able to penetrate the 
42 
material at higher frequencies (Stoll 1974). This will effectively limit the usefulness of the 
material to tens of kHz for the smaller samples (Butler 1988). Eddy currents also reduce 
effective permeability and increase power losses through ohmic heating. The effect of eddy 
currents can be reduced by laminating samples. A brief overview of eddy currents as related 
to Terfenol-D is provided in Appendix C. 
1.5 Material properties 
This section deals with the magnetic, mechanical, and magnetomechanical properties 
of Terfenol-D material. A general overview of the role material properties play in defining 
the performance of the material is provided. The material properties are discussed 
individually, including their theoretical development, importance, and experimental 
measurement. Finally, the variability of material properties is discussed. 
1.5.1 Material properties overview 
Consistent, measurable parameters of the Terfenol-D sample are required to quantify, 
analyze, and model performance. Traditionally, elastic, magnetic, and magnetoelastic 
properties, such as Young's modulus, mechanical quality factor, permeability, saturation 
magnetization, axial strain coefficient, magnetomechanical coupling, and saturation 
magnetostriction fill this role. The discussion here will concentrate on the axial properties. 
Thus, only the "33" components of the materials property tensors, designated with subscripts 
as per IEEE standards (IEEE 1990), will be considered. This will be a good first 
approximation for many common transducer designs, since the applied field, stress and 
output are collinear with the axis of the cylindrical Terfenol-D sample. However for certain 
models, such as many finite element codes, off-axis properties are also required. Methods 
are available to experimentally obtain both axial and off-axis components for the properties 
of interest (Claeyssen 1989). 
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Experimental work has shown that the material properties of Terfenol-D are in fact 
very dependent on operating conditions. Operating conditions refer to the mechanical, 
magnetic, and thermal conditions under which the Terfenol-D material is operated. In 
particular the magnetic field, mechanical stress, temperature, DC bias, rate of change, and 
AC magnetic amplitude are significant factors. Nominal published values may not be 
applicable for a given transducer due to differences in measurement technique, the lack of 
control of certain operating conditions during testing, and the differences between tests and 
operational conditions. The sensitivity to operating conditions is in part responsible for the 
large variability in material properties reported in literature. Further discussion on the effect 
and interaction of operating conditions on material properties will follow in Chapter 2. 
1.5  ^Material property discussion 
The importance of the material properties is seen by the role they play in equations 
already developed. From the raagnetomechanical canonical equations (equations 1.18), 
requires the Young's modulus (or mechanical compliance), permeability, and axial strain 
coefficient are required. Another measure of the magnetostriction, equation 1.17, requires 
the saturation magnetization and saturation magnetostriction. The permeability and 
susceptibility appear in equation 1.2 and 1.4. Table 1.2 lists nominal values from literature 
for the material properties described above. These properties, their interpretation, 
experimental measurement, and usefulness will be discussed in detail individually. 
1.5.2.1 Young's modulus 
Young's modulus, Ey, is generally defined as the change in stress with the change in 
strain and is given in units of N/m^ (Pa) or psi (6.94 MPa = Iksi). It is convenient to think of 
Young's modulus as a measure of the stiffness of the material. For conventional 
(nonmagnetostrictive) materials, Ey is considered a constant. However, the 
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magnetomechanical coupling of magnetostrictive materials means that the strain and stress 
do not have a unique relationship but are also a function of magnetization. This means that 
Young's modulus will be a function of the magnetic state of the material and will not be a 
constant. Changes in Young's modulus such as the dependence on the magnetic state are 
classified as "modulus defects, " with the AE effect being the most familiar example. 
Table 1.2 Terfenol-D material properties with nominal values from literature. 
Property symbol units nominal value 
Young's Modulus Ey MPa (ksi) 35-65 MPa 
Mechanical damping c unitless 0.12 
Permeability Tm/A (G/Oe) 3-10 X 10-6 Tm/A 
Saturation 
magnetization 
Ms A/m (emu/c^) 0.79 X 106 A/m 
Axial strain coefficient d m/A (l/Oe) 3-20 X 10-9 m/A 
Magnetomechanical 
coupling factor 
k unitless 0.7-0.75 
Saturation 
Magnetostriction 
HE or ppm -996 
For magnetostrictive materials, it is typical to reference two values of Young's 
modulus, one measured at constant applied field H, Ey , and one measured at constant 
magnetic induction B, Ey. In the first case this means the modulus is measured while the 
magnetic field in the space of the material is held constant, such as a DC bias applied to the 
rod by a constant current through the solenoid surrounding the rod, or placing the rod in a 
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magnetic circuit containing a permanent magnet. In the second case the magnetic flux 
density is held constant during testing. Clearly it is extremely difficult or impossible to 
maintain either of these two conditions during dynamic operation. For dynamic operation, 
the first case cannot be maintained since H is varied with time to excite the material and 
produce dynamic output. The second case can be maintained if both H and applied stress are 
controlled so that their effect on B sums to zero. These two Young's moduli bracket the true 
operational value (Cedell 1995). 
The relation between the two moduli can be determined by solving equations 1.18b 
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Defining the second terra in the parentheses as rearranging results in 
E?=£?(I-4). (1.29) 
Equation 1.29 provides the relationship between the two Young's moduli in terms of kh. 
which is defined as the magnetomechanical coupling coefficient squared. If k^^ were greater 
than one, then Ey would be less than zero, which is not physically realizable. Therefore, if 
k^f. is a real number, it is reasonable to assume that 0<it^^<l. This means that Ey is larger 
than EY , and that the Terfenol-D rod appears stiffer at constant B than at constant H. 
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Physically, this follows from the implication of constant B corresponding to fixed or constant 
magnetic domain orientation. This will tend to stiffen the material relative to behavior under 
conditions which allow domain rotation (constant H). 
Note that if the compliance is of interest rather than Young's modulus, it will have 
two values as well; one at constant flux density, Sy = —j, and one at constant applied field, 
EY 
s"- — 
The Young's modulus can be measured in several ways. First, since Young's 
modulus is a measure of stiffness, it can be related to the mechanical resonance by 
^T-D 
Here the circular mechanical resonance at constant H  is given byo)^ = 2 J T F ^  ~ v ' 
where M is the effective dynamic mass, AT-D is the cross sectional area of the sample, LT-D is 
the length of the sample, and the Terfenol-D stiffness is kx-D = AT-DEy/LJ.O. An alternative 
method is compute Young's modulus from the speed of sound in the material, which can be 
measured directly. In this case the density of the material must be known; the nominal 
density of Terfenol-D is 9250 kg/m  ^(Butler 1988). 
Values of Young's modulus ranging from 35-50 MPa for Ey and 40-65 MPa for Ey 
have been reported. Again this large variability is due to the Young's modulus dependence 
on magnetization. Independent time of flight measurements have indicated a Young's 
Modulus of 64 GPa for a non-prestressed non-magnetized Terfenol-D sample (Weisensel 
1997). 
Experimental tests verify the magnimde of the modulus defect with magnetic bias, 
AC magnetic field amplitude, and prestress. Young's modulus is found to increase by over 
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100% for completely saturated material, commonly known as the AE effect (Clark and 
Savage 1975). For an intermediate magnetic bias, it decreases to a minimum. These trends 
are observed in Figure 1.14 under four prestress conditions (data from Butler 1988). In 
addition. Young's modulus will change with the amplitude of the AC magnetic field, 
decreasing to a minimum value with increasing amplitude. Finally Young's modulus will 
change with the mechanical prestress. These results are best explained by considering the 
nature of Young's modulus, the ratio of stress to strain, and the fact that strain is not only tied 
to the stress but the magnetization. This means that driving the material harder, which 
imparts a larger field induced magnetostriction, makes the material appear more compliant 
(Ey decreases). Additionally, changing the magnetic bias significandy changes the strain 
output, approaching a maximum at the critical field, therefore the apparent compliance of the 
material will peak at this bias (i.e. where Ey is minimum). When the magnetic bias becomes 
sufficiently large and the material is saturated, very little change in strain is possible; in fact 
the magnetic energy must be overcome by a mechanical stress before mechanical strain 
occurs, hence the material reaches its maximum stiffness (the largest Ey).  
1.5.2.2 Damping and mechanical quality factor 
The mechanical Quality factor QM is given by 
QM=-r^ (1.31) 
J 2  ~ J L  
where fo is the Terfenol-D resonant mechanical frequency measured from the mechanical 
output;/2 and/7 are the half power points. (As shown in Chapter 6, the mechanical Quality 
factor can also be found from an electrical signal which contains information on the 
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Figure 1.14: Young's modulus versus magnetic bias under four different prestresses 7, 14, 
21,28 MPa, data from Butler 1988. 
The quality factor provides a measure of the damping in the system. The larger the 
quality factor the lower the damping in the system. The mechanical damping factor ^ and 
mechanical quality factor are related by QM = 1/2^. Studies have found the 
magnetomechanical damping of Terfenol-D to be in the range of 13% (Hathaway 1995; 
Teter, Hathaway et al. 1996). 
1.5.2.3 Permeability and susceptibility 
There are numerous permeabilities that can be considered, such as the initial, relative, 
and differential permeabilities. The differential permeability given by equation 1.3 is most 
common for Terfenol-D applications. For giant magnetostrictive materials, the permeability 
is relatively low, Terfenol-D is generally found to have a permeability 5 to 10 times that of 
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free space. This makes sense, given the material's high transduction capability which allows 
efficient conversion of the magnetic energy into mechanical energy. 
Just as with Young's modulus, it is helpful to consider permeabilities measured under 
two different conditions: 1) the permeability measured at constant stress and 2) the 
permeability measured at constant strain /if The difference between these two permeabilities 
can be understood by considering the rotation of the domain magnetization vectors. Rotation 
into the field direction increases magnetic flux density B measured along the axis. At a 
condition of constant strain the rod is mechanically blocked, and, since strain and 
magnetization are coupled, the magnetic domains are not allowed to rotate. Thus, applying H 
will not change B appreciably. In contrast, under constant stress the magnetic domains are 
free to rotate, and applying H results in a larger change in B. Therefore, for a given applied 
field, magnetic flux density and hence permeability will be larger for the constant stress case 
than for the constant strain case, 
The relationship between the two permeabilities is quantified by the coupling 
coefficient in a manner similar to Young's Modulus. Solving equations 1.18a for <t and 
substituting into equation 1.18b and rearranging results in 
r 
B = edE?+n'^ 1- (1.32) 
V 
For constant e, the change in B with the change in H is given by 
(1.33) 
As with equation 1.28, the second terra in the parentheses is defined as the square of the 
magnetomechanical coupling coefficient k^c, resulting in 
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(1.34) 
Analysis of Terfenol-D performance in the literature usually includes and /i^. However, 
the permeability measured during typical operation will be quite different unless one of these 
operating conditions are maintained. 
As described in Section 1.1.3, the permeability is the relationship between B and H. 
while susceptibility is the relationship between M and H. Since the permeabilities and 
susceptibilities are related (JJ. = X +0 the preceding discussion on permeability will apply to 
the susceptibility as well. 
1.5.2.4 Saturation magnetization 
The saturation magnetization Ms is the magnitude of the magnetization of a single 
domain and is a constant for a material. It is dependent only on the atomic configuration of 
the lattice, that is the number of atomic magnetic moments per unit volume. Therefore, when 
the material is completely saturated at high field and the material is a single crystal, the bulk 
magnetization is Ms. For Terfenol-D, Ms is approximately 0.79 MA/m. Note that while the 
magnitude of Ms is constant, it is a vector quantity and its direction can change. For 
example, a demagnetized specimen will have domains with magnetization Ms oriented in 
random directions so that the bulk magnetization is zero. 
1.5.2.5 Magnetomechanical coupling 
Magnetomechanical coupling is the energy conversion efficiency; it represents the 
fraction of magnetic energy that can be converted to mechanical energy per cycle and vice 
versa. The parameter is always between 0 and 1.0 with a perfect energy converter having 
a coupling of 1.0, The coupling can be considered in terms of magnetic or elastic energy, as 
51 
given in the references (Kvamsjo 1993; Hall 1994). In the references it is common to see the 
magnetomechanical coupling coefficient kcc, which provides a figures of merit for a 
magnetostrictive material. 
Several methods for determining the magnetomechanical coupling are available 
(Claeyssen, Bossut et al. 1990; Reed 1994). The effective magnetomechanical coupling can 
be calculated from the measured resonant /R and anti-resonant^ frequencies of the electrical 
impedance function as 
The electrical impedance function is the ratio of voltage to current in the wire coil which 
produces the magnetic field used to excite the Terfenol-D sample. This dynamic method of 
calculating the magnetomechanical coupling will be discussed in more detail in Chapter 6. 
As discussed in the sections on Young's modulus and permeability, equations 1.18 can be 
with permeability ^ and Young's modulus Ey, and coefficient d and d*. This is known as 
the "three parameter method" (Clark 1980). A comparison of these methods along with a 
calculation based on a plane wave model is found in the references (Reed, Greenough et al. 
1994; Reed 1994). Further analysis of the magnetomechanical coupling can be found in the 
references (Abell, D. Butler et al. 1986; Pitman 1989; Clark, Teter et al. 1990; Moffet, Clark 
etal. 1991) 
(1.35) 
rearranged and the coupling terra k^c defined as 
dd^Ey (1.36) 
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1.5.2.6 Axial strain coefficient 
The axial strain coefHcient ^ is a measure of the strain rate with applied magnetic 
field, it is the instantaneous slope of the strain versus applied field plot. It provides a 
convenient figure of merit for the performance of a Terfenol-D sample. Published values for 
d show considerable variation and much work has been done to characterize this parameter. 
Numerous references provide in-depth discussion (Reed, Greenough et al. 1994; Greenough 
and Schulze 1990; Kendall and Piercy 1990; Greenough, Jenner et al. 1991; Greenough, 
Schulze et aL 1991; Moffet, Clark et al. 1991). 
1.5.2.7 Saturation magnetostriction 
The saturation magnetostriction can be determined experimentally by measuring the 
strain under saturation magnetization fields perpendicular and parallel An to the 
direction of interest (Jiles 1991). The saturation magnetostriction is then given by 
A, = A,I-Ax. (1.37) 
The saturation magnetostriction can be developed from energy considerations, such as given 
in Section 1.3.5 (Jiles and Thoelke 1994). Further details can be found in the references (Lee 
1955; Cullity 1972; Clark 1980; Jiles 1991; Lacheisserie 1993). The saturation 
magnetostriction for Terfenol-D is generally approximated as 996 although it is a 
function of operating conditions, in particular mechanical prestress. 
1.5.3 Variability 
The variation in measured material properties, from sample to sample, from test to 
test, and with operating conditions, has been considered by researchers. The repeatability of 
material properties from test to test under the same operating conditions provides a measure 
of the reproducibility of the Terfenol-D performance. High reproducibility is essential for 
consistent application performance, accurate modeling, and efficient control. Hall considered 
the variability observed in measured material properties with operating conditions and from 
test to test, and from sample to sample (Hall 1994). 
The variability of the material properties with operating conditions, such as external 
load, AC magnetic field amplitude, and temperature, was considered in a statistically 
designed test by Iowa State University and Etrema Products Inc. (Dapino, Calkins et al. 
1996; Flatau 1996; Dapino, Flatau et al. 1997). In a portion of this study, four groups of 
0.0508 m (1/2 inch) diameter, 0.115 m (4.53 inch) long Modified Bridgman, Terfenol-D 
(Xbo.3DyojFe1.92) samples, were tested to determine the repeatability of calculated material 
properties. Groups 1 and 2 were solid samples, while groups 3 and 4 were laminated. Quasi-
static X-H tests revealed that groups 1 and 3 produced higher strains at a given magnetic field 
than 2 and 4. Dynamic repeatability testing consisted of multiple tests of each rod under a 
given set of operating conditions in a given transducer. Material properties were calculated 
as described in the references (Calkins and Flatau 1996; Hatau 1996) and the coefficient of 
variation for the material properties was determined. The coefficient of variation shown here 
as a percentage for each material property is the material property standard deviation divided 
by the material property mean value. 
Figure 1.15 provides an effective graphical representation of the variability in the 
material properties. Several points need to be considered. First, the coefficient of variation is 
a measure of the variability of the measured material property; therefore the number includes 
measurement and modeling variability or error. This number then provides an upper limit to 
the true material property variability. Second, the calculation/measurement of the properties 
leads to a propagation of errors. This was particularly true for the permeability, which was 
calculated from three parameter method, equation 1.36, since the errors in Young's modulus, 
axial strain coefficient, and coupling coefficient were compounded. Finally, as noted above 
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material properties are system parameters, that is effective material properties for the 
transducer under the given operating conditions. Thus, these material properties are 
considered lumped parameters, just as an effective spring rate and mass are effective lumped 
parameters for a simple spring-mass system. 
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Figure 1.15; Coefficients of variation (percentage variation) in measured material properties 
(Hatau 1996). 
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2. MAGNETOSTRICTIVE TRANSDUCERS AND DESIGN ISSUES 
Chapter 2 provides an overview of raagnetostrictive transducers and a discussion of 
general transducer design issues. Experimental results from prototype transducers help 
explain these issues, including practical aspects of the application of a mechanical prestress 
and a magnetic field. Other design criteria, such as transducer resonant frequency, effect of 
operating conditions on performance, thermal considerations, and electrical issues, are also 
addressed. This material helps to explain differences between Terfenol-D material 
performance discussed in Chapter 1 and Terfenol-D transducer performance. 
2.1 Terfenol-D transducer overview 
This section provides a background on Terfenol-D transducers, modes of operation, 
key components, and transducer measurements. 
2.1.1 Magnetostrictive transducer background 
A transducer is a device that converts energy from one form to another for a given 
purpose. This energy conversion, known as transduction, can be accomplished with a variety 
of physical processes, including electrostriction, piezoelectricity, magnetostatic, electrostatic, 
and magnetostriction. For the case of a magnetostrictive transducer, the coupling between 
the magnetic and mechanical states of the raagnetostrictive core, as described in Chapter 1, 
provides the transduction capability. The transducer employs this transduction element to 
convert electrical energy into mechanical energy and vice versa. One of the interesting 
features of the transduction process is that the electrical input signal contains information 
about the mechanical performance. A rigorous development of the electromechanical 
transduction process is given in Chapter 6. 
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Magnetostrictive transducers have been developed to support a growing variety of 
applications. They have been used in micropositioning system, vibrators and shakers, active 
noise and vibration control systems, pumps, sonar, and sensors (Goodfriend, Shoop et al. 
1994). In addition, magnetostrictive linear motors, reaction mass actuators, and tuned 
vibration absorbers have been designed; while less obvious applications include mine 
detection, hearing aids, and seismic sources. Ultrasonic magnetostrictive transducers have 
been developed for surgical tools, underwater sonar, and chemical and material processing. 
The details on the configurations and designs for numerous applications are available in 
literature (Meeks and Timme 1977; Butler 1988; Claeyssen and Boucher 1991; Fenn, 
Avaklan et al. 1994; Hall 1994; Hall and Flatau 1995; Claeyssen, Lhermet et al. 1996), 
There are numerous types of magnetostrictive transducers which are distinguished by 
their configuration and utilization of the magnetostrictive core. Common transducer 
classifications can be found in the literature (Fischer 1955; Rolt 1990). In most cases, the 
Joule effect in a magnetostrictive element is employed to produce a longitudinal vibration in 
rods or radial vibrations of tubes or rings. The most common design is the longitudinal 
vibrating Tonpilz in which a cylindrical or rectangular sample provides axial output (Fischer 
1955). The tube-and-plate or tube-and-cone transducers use 1/4 wavelength magnetostrictive 
tubes to excite blocks which are tuned to efficiently transfer mechanical power to the 
surrounding medium. Other designs employ a number of magnetostrictive elements fitted 
end-to-end to form a ring or polygon (National Defense Research Committee 1946). The 
simultaneous longitudinal excitation of the elements causes the ring's diameter to oscillate. 
The flextensional design (Rolt 1990) employs a longitudinal vibrating magnetostrictive 
element to excite an arched membrane, commonly an oval shaped shell. Transducer designs 
have also been based on other magnetostrictive effects, such as the Wiedeman effect twisting 
pendulum (Lacheisserie 1993). Many variations in design on the above transducers are 
available. 
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The vast majority of designs employ the longitudinal vibration of a rod of Terfenol-D 
material, whether to provide output directly or indirectly through a structural member. 
Therefore, this dissertation will focus on design related criteria of longitudinal vibrating or 
Tonpilz Terfenol-D transducers. Many of the design and operational issues discussed here 
can be generalized to any application employing giant magnetostrictive material. 
The essence of Terfenol-D transducer design is to control the performance of the 
Terfenol-D core. The transducer system can, therefore, be defined as all integrated 
components which determine the operating conditions that allow the utilization of the 
Terfenol-D core. This could include the structural support or housing, prestress mechanism, 
magnetic circuit and permanent magnet, excitation solenoid, output interface, input and 
output electronics, and the system's power supply. The importance of transducer component 
design is highlighted by the influence of operating conditions on the Terfenol-D performance 
discussed in Chapter 1. A transducer should be designed to maintain the operating conditions 
on the Terfenol-D core which provide the desired transducer performance. 
2.1  ^Transducer modes of operation 
The utilization of the Terfenol-D core determines the mode of operation of the 
uransducer. In general, excitation of the Terfenol-D core resulting in actuation is the main 
mode of operation considered for Terfenol-D transducers. However, magnetostrictive 
elements are capable of converting mechanical energy to magnetic energy as well. Therefore 
transducers are not limited to an actuation mode, but also have other modes of operation 
which include sensing mechanical motion and passive damping. 
One of the most exciting aspects of Terfenol-D transducer design is the multi-mode 
capability of the material, which incorporates actuation, sensing, or passive damping in a 
single device. Significant research has been conducted on the sensing and damping 
capability of Terfenol-D and the various modes of operation for Terfenol-D transducers 
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(Weisensel 1997). Prior work has shown it conceivable to include several simultaneous or 
individual modes of operation in a single transducer. Examples of multi-mode operation 
include sensing and actuation (Pratt and Flatau 1995), sensing and electrical damping (Fenn 
and Gerver 1997), and sensing, damping, and actuation (Weisensel 1997). The influence of 
these other two modes on transducer design is explored qualitatively in this section, however 
actuation is the primary mode considered for the remainder of this dissertation. 
2.1.2.1 Sensing mode 
Many sensing configurations for Terfenol-D are available (Lacheisserie 1993; Calkins 
and Flatau 1997), which can be classified as passive, active, and hybrid processes. Passive 
sensing of an externally impressed force, employing the Villari effect, is frequently of 
interest for transducers. The change in magnetization caused by the change in stress is 
measured via the potential induced in a sensing coil flux linked to the Terfenol-D sample 
(equation 1.12). Therefore, the signal output from the sensor is proportional to the time 
derivative of the change in magnetic flux density. Passive sensing, where the change in the 
magnetic state induced by the change in the mechanical state of the material is sensed, can be 
accomplished with many transducer designs. An example of a model for the sensing 
capability of a Tonpilz transducer is provided in Appendix D. 
The effectiveness of a Terfenol-D transducer as a sensor depends on two factors: 1) 
the efficiency with which a change in stress changes the magnetization of the material, and 2) 
the ability to measure the change in magnetization. Terfenol-D sensors have great design 
flexibility because the sensitivity of the device can be optimized with numerous material and 
device properties. 
The first factor, the efficiency of magnetomechanical energy conversion, can be 
influenced by the transducer magnetic bias and mechanical prestress. The combination of 
these operating conditions should result in as large a change in magnetization as possible for 
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a given stress. Additionally, this raagnetomechanical efficiency is a function of the Terfenol-
D stoichionietry and temperature. 
The second factor, the measurement of a signal related to the magnetization, is 
influenced by the geometry of rod (cross-sectional area and lengdi), coil design (number of 
turns, coil area, and gage of wire), and output electronics. For many sensors it is the 
electronics which determines the noise floor and the sensitivity level (Gabrielson 1997). 
In addition to sensitivity, several other parameters must be considered for sensing. 
These factors include the linearity of the output signal with respect frequency and input force 
amplitude, the resonance of the device, and the effective frequency bandwidth. A typical 
transducer could be used to sense in two ways, as a force or load cell, by measuring the force 
in series with the transducer, and as an accelerometer, by mounting the transducer on a 
vibrating surface and using a seismic mass to cause a change in stress. 
2.1.2.2 Passive damping mode 
Passive damping takes advantage of the electromagnetomechanical transduction 
processes of a Terfenol-D transducer to dissipate mechanical energy. There are two 
processes which allow significant energy damping, namely electrical dissipation and 
magnetomechanical hysteresis. 
Electrical energy can be dissipated in an electrical load shunted across a wire coil flux 
linked to the Terfenol-D sample. As described by Faraday's law of induction, the changing 
magnetic field in the Terfenol-D will generate an electrical potential in the coil which can 
then be dissipated as heat The main factors effecting the efficiency of energy dissipation are 
the coil geometry and the electrical impedance of the shunt. In addition, operating with an 
optimized mechanical prestress and magnetic bias increases the change in Terfenol-D 
magnetization due to a given applied mechanical stress. This corresponds to greater current 
in the coil and ultimately greater energy dissipation. 
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Magnetomechanical hysteresis results from irreversible magnetization processes in 
the material. Heat is generated as the material is magnetically cycled due to the application 
of a magnetic field or mechanical stress. It has been demonstrated that Terfenol-D is an 
exceptional passive damper material with a damping ratio of over 13% (Hathaway 1995; 
Teter, Hathaway et al. 1996). For actuators this is considered a seriously detrimental effect. 
However, this provides an excellent opportunity to damp undesirable mechanical energy, 
allowing a transducer to function as an efficient passive damper. 
2.13 Transducer components 
There are essential features common to many transducer designs. As an example, the 
key components of a typical concentric Terfenol-D transducer are shown in Figure 2.1. A 
longitudinally vibrating Terfenol-D rod is the active element of the transducer. The AC 
applied magnetic field is generated by passing a current through a wire solenoid (excitation 
coil) wrapped around the magnetostrictive rod. The Terfenol-D can be magnetically biased 
by a permanent magnet, which surrounds the excitation coil as depicted in Figure 2.1. In 
addition, a DC offset current to the excitation coil can provide an axial magnetic bias field. 
A magnetic circuit, which helps to channel magnetic flux into the Terfenol-D core, is created 
with the permanent magnet, Terfenol-D core, and magnetic material end pieces. Alternative 
designs use magnets as the end pieces and magnetic material along the length of the 
transducer for completion of the magnetic circuiL A spring, such as a belleville washer can 
be inserted in parallel with the rod and blocked against the housing. A bolt, which threads 
into the housing, compresses the Terfenol-D core into the prestress spring to provide a 
consistent and reproducible prestress. An output interface connects the Terfenol-D core to 
the external load and provides a natural location to measure the transducer output A final 



















Figure 2.1: Typical concentric transducer design 
sensing coil, magnetic wire wrapped directly on the Terfenol-D core, can be used to measure 
the time rate of change of in the core. 
2.1.4 Transducer measurements 
Measurements provide an indication of the performance of the transducer and 
TerfenoL-D core. They also provide model verification and can be used for control purposes. 
A number of measurable quantities from the transducer are available, including the current 
and voltage in the drive coil (input signal to the transducer in Figure 2.1), voltage induced in 
the pick-up coil, the mechanical output, the magnetic field in the magnetic circuit, and the 
temperature. In addition, strain, temperature, and magnetic field can be measured at discrete 
points on the Terfenol-D core. 
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The voltage across the excitation coil and the current impressed on the excitation coil 
are easily available parameters. The voltage to current ratio, the electrical impedance, is the 
connection between the transducer and the power supply amplifier. 
The magnetization of the Terfenol-D core can be measured with a pick-up coil, flux-
linked to the Terfenol-D. The voltage induced in the coil will be related to the magnetic flux 
density by the Faraday-Lenz law. The integration of equation 1.12 in time gives B as 
where Npu and Apu are the number of turns and area of the pick-up coil. Magnetization Af 
can be found from equation 1.3 as 
An independent measurement of flux density can also be made with a Hall effect probe. 
The output of the transducer can be measured in several ways. Acceleration can be 
measured with an accelerometer attached to the output interface (Figure 2.1), displacement 
can be measured at the output interface with a photonic sensor or a linear variable differential 
transformer (LVDT), and velocity can be measured with a laser vibrometer. The traditional 
method of measuring magnetostriction is with strain gages placed on the surface of Terfenol-
D rod. Temperature can be monitored with thermocouples attached to the Terfenol-D core or 
at other points of interest, such as the excitation coil. Quantities of interest which can also be 
obtained are the input electrical power and the output mechanical power. For more detailed 
discussion of various methods of measuring the performance of magnetostrictive transducers, 




Magnetostrictive Transducers. Characterisation and Measurement of Performance (lEC 
1997). 
The distinction between laboratory measurements of a giant magnetostrictive sample 
and measurements of the operation of a transducer which incorporates the same sample is 
merely the manner in which operating conditions are implemented and controlled. The 
components of the transducer, as described above, provide the operating conditions for the 
Terfenol-D core. It is often a difficult process to measure and quantify the effect of the 
transducer components on the Terfenol-D core, while in a laboratory setting these conditions 
are more easily measured and controlled. For example, laboratory conditions can insure a 
uniform magnetic field and constant prestress, which is difficult to obtain in a transducer. 
Therefore, there can be crucial differences between the performance of a Terfenol-D rod and 
the performance of a Terfenol-D transducer. This means that the performance of Terfenol-D 
samples found in the literature may not be useful to the transducer designer, unless the 
difference between operating conditions is considered. In most cases it is necessary to 
measure the performance of the Terfenol-D transducer as a whole under realistic operating 
conditions. Much of the data presented in Chapter 1 was taken under ideal laboratory 
conditions, while the remainder of this dissertation considers data from transducers. 
2.2 Transducer design and operational issues 
In this section, design issues pertinent to Terfenol-D transducers are explored. 
General transducer design issues are considered first The role and specific performance of 
the key components, such as prestress mechanism and magnetization mechanism, as 
described in Section 2.1 are presented. Electrical issues, including input electrical signal and 
eddy currents are addressed, as are design issues related to the geometry and construction of 
the Terfenol-D core and thermal effects. Finally, the role of the operating conditions and the 
importance of the system mechanical resonance are discussed. 
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2.2.1 General design 
Several general design issues which influence transducer performance must be 
considered. Many of the issues related to the design and performance of any dynamic 
mechanical device are crucial to Terfenol-D transducers as well. Strict tolerances must be 
maintained in the transducer mechanical design, component fabrication, and assembly. This 
helps to minimize the effects of spurious resonances, which siphon energy from the 
transduction process. Since output displacements are on the order of undesirable gaps 
between components can seriously reduce output Reducing the dynamic mass of internal 
components can greatly improve the transducer output Support components, such as the 
housing or prestress bolt can be made of high stiffness materials to reduce their storage of 
mechanical energy. The output connection should be designed to handle the transmission of 
forces required by the application. 
More specific to magnetostrictive transducers, the tolerances can seriously impact the 
magnetic performance as well. For example, in the design depicted in Figure 2.1, the 
concentric alignment of the Terfenol-D rod, magnetizing coil, and permanent magnet was 
crucial for proper magnetization of the Terfenol-D rod during operation. 
The base (tail) and head mass of the transducer can be designed to provide the proper 
mechanical boundary conditions on the Terfenol-D core. Output at only one end of the 
Terfenol-D sample can be approximated by designing the tail mass so that it is much larger 
than the head mass. In addition, the relative brittleness of Terfenol-D in tension makes it 
important to reduce the transmission of a mechanical moment to the Terfenol-D core. This 
has been successfully designed into a variable prestress mechanism by Flatau and Hall 
(Ratau and Hall 1995). 
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2.2J1 Prestress mechanism 
The effect of prestress on Terfenol-D performance was discussed-in Chapter 1. 
providing a starting point for considering the effects of the mechanical prestress mechanism 
on Terfenol-D transducer performance. The nature of the mechanism applying the prestress 
must be considered in detail, including the mechanical performance of the prestress 
mechanism itself and the way it interacts with the Terfenol-D sample. The crucial role of the 
mechanical prestress on the output performance of the Terfenol-D core highlights the 
importance of carefully designing the prestress mechanism. 
The variety of transducer configurations discussed above translates into an even 
larger array of prestress mechanisms. A wide assortment of prestress designs have been 
described in the literature (National Defense Research Committee 1946; Butler 1988; Hall 
1994). Some of the most common for Tonpilz transducers are considered here. One 
common configuration is to use a relatively rigid member, such as a bolt, in parallel with the 
Terfenol-D core. Some designs insert the bolt through the Terfenol-D material, which has 
the added advantage of reducing eddy current losses. In this design, as the Terfenol-D core 
strains, it must do work against the relatively stiff bolt, thus reducing the energy available to 
move the external load. Other designs employ more compliant springs, for example a 
belleville washer, in parallel with the Terfenol-D rod and blocked against the housing. In 
Figure 2.2, springs with stiffness kmps are placed in parallel with the Terfenol-D sample, of 
stiffness kr-D- The springs are blocked against the transducer housing as indicated. Finally, a 
less exact but easily implemented design uses the housing itself to provide the prestress to the 
Terfenol-D. 
The prestress mechanism design process is aided by considering its stiffness, mass, 
damping, and linearity of the mechanism. In addition, the effect of the stiffness, mass, and 
damping on the system mechanical resonance wiU be analyzed in Section 2.2.7. 
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Figure 2.2: A typical prestress mechanism for a Tonpilz type transducer. The spring is often 
a belleville washer. 
The stiffness of the prestress mechanism has a large impact on the performance of the 
Terfenol-D core and the transducer as a whole. The prestress mechanism stiffness influences 
the system mechanical resonance since the stiffness of the Terfenol-D rod kj-o and the 
prestress mechanism kmps are in parallel. The effective stiffness of the transducer system is 
which can be used to tailor the transducer resonance to the desired range. However, the 
stiffer the spring, the larger the percentage of Terfenol-D output energy that is stored in the 
prestress mechanism rather than being used to move the load. The potential energy stored in 
the prestress mechanism, increases with the stiffness kmps and the square of the 
displacement u. 
keff— kftips. (2.3) 
(2.4) 
As the potential energy stored in the prestress mechanism increases, the energy available to 
the load decreases, corresponding to a reduction in total output of the transducer. Other 
measures of the transducer performance, such as the magnetomechanical coupling (Section 
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1.5.2.5) and Terfenol-D core axial strain coefficient (Section 1.5.2.6), will decrease relative 
to the Terfenol-D core capability. 
Similarly, it is important to reduce the dynamic mass of the components in the 
prestress mechanism, since their kinetic energy comes at the expense of the energy 
transmitted to the load. 
Mechanical losses associated with cyclic displacement of the prestress mechanism 
should be considered for a transducer design. These losses are seen as hysteresis between the 
applied force and the displacement plots for a given prestress mechanism. Figure 2.3 shows 
the force versus displacement for the belleville washer prestress mechanism, where hysteresis 
is seen for cyclic operation from 0 to 1100 N, corresponding to 0 to 0.5 mm. Small 
oscillations around 900 N, corresponding to a stress of approximately 7 MPa on the Terfenol-
D core, also resulted in hysteresis. Experience suggests that the system damping and quality 
factor will be very sensitive to the quality of springs used. The elastic energy loss per cycle 
is related to the area enclosed in this figure. These results are representative of many 
prestress mechanisms, therefore, mechanical losses should be quantified for a transducer 
design and included in the transducer model as required. 
For a prestress mechanism with linear k^ps, the stress on the Terfenol-D core will be 
a function of the displacement of the spring. The change in prestress caused by the strain of 
the Terfenol-D sample must be determined. For large displacements this change in prestress 
can be significant (Data from a typical Tonpilz transducer is given in Chapter 3.) 
The use of nonlinear springs for applying prestress has been suggested as a means of 
reducing the change in force (and hence prestress) with displacement (Hall 1994; Ajannapa 
1996). For example, a softening spring with a force versus displacement as shown in Figure 
2.4 could provide nearly constant prestress even for large drive level if operated in the region 






0 0.0001 0.0002 0.0003 0.0004 0.0005 
Displacement (m) 
Figure 2.3: Force versus displacement for typical Belleville prestress mechanism (data 
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Figure 2.4; Force versus displacement for theoretical nonlinear spring prestress 
mechanism. Operation around 8 mm displacement (320 N force) reduces the deviation 
from the nominal prestress on the Terfenol-D. 
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Finally, the manner in which the prestress mechanism and the Terfenol-D core are 
connected should be considered. If no external means of keeping the Terfenol-D core in 
contact with the prestress mechanism is employed (for example epoxy), the magnetostrictive 
core can push but not pull the output connector. As a result, the prestress mechanism will 
supply the return force that keeps the output connector and external load moving with the 
Terfenol-D core. In addition, the prestress mechanism must be designed to allow operation at 
sufficiently large magnetic drive levels and at the frequencies of interest while maintaining a 
compressive stress on the material throughout the operational cycle. This insures that the 
dynamic output force from the Terfenol-D core would not overcome the prestress, which 
could result in the prestress mechanism loosing contact with the core and later impacting it. 
Therefore, the maximum acceleration for harmonic output amax of the Terfenol-D core is 
limited by the nominal prestress (TQ, area of the rod AT-D^ and effective dynamic massMg^by 
(2-5) 
2.2J5 Magnetization mechanism 
The following are some of the issues related to the magnetization of the Terfenol-D 
core which should be considered: 1) magnetic circuit, 2) magnetic coupling and flux leakage, 
3) magnetizing coil efficiency, 4) magnetic bias uniformity in the Terfenol-D core, and 5) 
demagnetizing Held. 
The magnetostriction and transducer output are linked to the magnetic flux in the 
Terfenol-D core. The magnetization of the core, both magnetic bias (DC) and dynamic 
magnetization (AC), is facilitated by designing a path for the magnetic flux, or a "flux return 
path." This flux path, as defined by equation 1.11, determines the transducer magnetic 
circuit. The magnetic circuit includes all flux linked components and allows for AC 
magnetization via the excitation coil, which can be situated anywhere in the magnetic circuit. 
A well-designed magnetic circuit channels the flux through the Terfenol-D core and can be a 
key to efficient operation of the Terfenol-D transducer. The magnetic circuit should 
maximize the magnetization of the core, provide uniform magnetization, and not contribute 
unduly to losses, including flux leakage and energy dissipation. 
One of the most important functions of the raagnedc circuit is to provide the magnetic 
bias to the Terfenol-D core. The effect of a magnetic bias on the Terfenol-D core 
performance was discussed in Chapter 1 and the effects on transducer performance will be 
further explored in Chapter 3. In most cases the Terfenol-D core is operated under a 
compressive stress, as discussed in Chapter 1. However, this application of prestress is 
equivalent to an additional anisotropy energy which must be overcome before substantial 
mechanical output will be realized. Applying magnetic energy in the form of a magnetic bias 
is a simple and efficient way to overcome the stress anisotropy. The optimal field required to 
just overcome the combined stress and magnetocrystalline anisotropy is known as the critical 
field. A magnetic bias equal to the critical field is often applied by inserting a permanent 
magnet in the magnetic circuit (flux linked with the Terfenol-D core). Alternatively, a DC 
current into the excitation coil may be used to produce the magnetic bias. 
Flux leakage is any magnetic flux not routed into the Terfenol-D core. As the flux 
leakage increases, the flux in the Terfenol-D core decreases, magnetic coupling decreases, 
and the efficiency of operation is reduced. The low permeability of Terfenol-D, 5 to 10 times 
the permeability of free space, can make it difficult to route magnetic flux through the 
Terfenol-D rod. Magnetic materials with permeability much higher than Terfenol-D will pull 
the flux away from the Terfenol-D core, thus reducing the magnetization of the core. 
ALNICO V magnets, which are often used as permanent magnets, have a permeability that is 
on the same order of magnitude as Terfenol-D. Magnetic material is often placed on the ends 
of the rod to help channel the flux through the Terfenol-D rod and reduce leakage. The flux 
leakage problem has been addressed by Teter and Restorff with a design for a magnetic bias 
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which has a radial component in addition to the conventional axial component (Teter 1995). 
This serves to increase the magnetization in the rod by reducing flux leakage. 
The magnetic return path can be key to the efficient operation of the Terfenol-D 
transducer. An open magnetic circuit, where the magnetic return path is through air, has been 
investigated and utilized in many designs (Benbouzid, Reyne et al. 1994). However, flux 
leakage can be reduced greatly for magnetic circuits with "well defined" return paths through 
a magnetic material rather than air. In addition, considerable improvements in magnetic field 
uniformity are found. Order of magnitude reductions in flux variation have been reported 
when a determined magnetic path is used (Wakiwaka, Umezawa et al. 1993). 
For dynamic applications, the resistivities of the components in the magnetic circuit 
are important to consider, since other components in the circuit can be sources of 
considerable losses due to eddy currents. The effect of slitting the permanent magnet for 
concentric designs such as in Figure 2.1 has been investigated by Hall (Hall 1994). Not only 
does the slitting the magnet decrease the eddy current losses but the performance of the 
Terfenol-D material improves. This can be explained by the considering that the slit changes 
the path of the eddy currents. With a solid magnet the eddy current travel circumferentially 
and the magnetic flux is reduced in the inner radius of the magnet and in the Terfenol-D core 
for concentric geometries. This reduces the total flux in the magnetic circuit, thus explaining 
the degraded Terfenol-D performance. Eddy current losses increase due to skin effects, 
which increase the magnetic flux density and hence the losses (StoU 1974). 
Terfenol-D performance is extremely sensitive to the magnetic bias, as discussed in 
section 1.4.2 (see Chapter 3 for further experimental data and discussion). Most discussion 
and results (including Section 1.4.2 and 3.3.1) assume a uniform magnetic bias inside the 
Terfenol-D sample. If the rod is not magnetized uniformly, it will not move like a piston. 
Considering Figure 1.10, operation at 13.7 MPa around a bias point in the high slope region 
will result in much greater output than operation around a point in the saturation region. 
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Therefore, portions of the rod will strain different amounts for the same AC excitation. This 
can cause several problems, such a reduction in the magnetomechanical coupling, efficiency, 
bulk strain output, and increased nonlinearities. Evidence of strain distortion over a cross 
section of Terfenol-D has been reported (Schulze, Chung et al. 1992). 
In a transducer limited by space, weight, power, and materials, it may prove difficult 
to apply a uniform magnetic bias at the desired level across the Terfenol-D rod length and 
cross section. However, the magnetic circuit can be designed with uniform magnetization as 
a criteria. The magnetic bias is generally supplied by the magnetic circuit which includes a 
permanent magnet or a solenoid with an impressed DC current An ill-defined flux return 
path can result in a distorted magnetic field. In addition, distortion caused by the permanent 
magnet shape or quality can be significant Another source of magnetic nonuniformity are 
the end effects of a finite coil (Jiles 1991; Cedell 1995). This is particularly important since 
this means the AC magnetic field will not be uniform. Note that nonuniform solenoid 
designs, such as "dumbbells" have been devised to reduce the end effects and provide a 
uniform field over the length of the Terfenol-D rod. 
The magnetic field distribution can be measured and modeled. For example, the 
effect of a transducer design on the flux unifomiity in the magnetostrictive element has been 
successfully modeled with 2D and 3D finite element analysis (Benbouzid, Reyne et al. 1994). 
Comparisons between a uniform magnetic field and a poor magnetic field on a transducer's 
Terfenol-D core can be found in the references (Claeyssen, Boucher et al. 1990; Kvamsjo 
1993; Wakiwaka, Umezawa et al. 1993). 
The analysis of the magnetic circuit based on the magnetic coupling has been 
developed by Claeyssen et al. and Kvamsjo (Claeyssen, Boucher et aL 1990; Kvamsjo 1993). 
The magnetic coupling is the ratio of the magnetic energy stored in the Terfenol-D core to the 
total magnetic energy in the system. For an applied field of H the magnetic coupling can be 
written as 
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" i^H^Vr-D+ifoH^V^+ifcoa fff^(r)dV 
VCAU 
where Vr-D. yaw ^coi7 are the volume of the Terfenol-D core, flux leakage assumed in air, 
and excitation coil, respectively, and ^on is the permeabilility of the coil. This coupling has 
proved to be a good figure of merit for a magnetic circuit design and has been helpful in 
quantifying how well the magnetic circuit is able to channel magnetic flux into the Terfenol-
D core. 
The performance of the excitation coil can also be analyzed. For example, the 
excitation coil geometry can be designed to optimize the AC magnetic field which excites the 
Terfenol-D core. This can have a tremendous impact on the efficiency of the transducer as a 
whole. Background on coil efficiency, including easily employed equations, can be found in 
many references (Jiles 1991). It is common to optimize the coil efficiency in terms of 
geometry by considering the magnetic field in the center of the coil. However, other criteria 
for determining the optimal coil geometry can be used. For example, the overall uniformity 
of the field in the Terfenol-D rod can be used. Wakiwaka et al. discuss the flux density 
uniformity of GMM transducers in terms of percentage variations in the axial and radial flux 
density (Wakiwaka, Umezawa et al. 1993). Benbouzid et al. found that thinner longer coils 
provided the highest magnetic coupling, based on equation 2.6, for a given transducer design 
(Benbouzid, Reyne et al. 1994). For concentric design, where the Terfenol-D rod is placed 
inside the excitation coil, it is generally advantageous to reduce the air gap, and hence flux 
leakage, between the rod and coil. This means that for the concentric design, the coil and 
Terfenol-D geometries should be optimized together. In the case of other designs such as the 
C shaped magnetic circuit (Butler 1988), the coil can be placed elsewhere in the magnetic 
circuit and more design optimization flexibility is available. 
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In the event that the magnetic bias is not uniform a difficulty arises with quantifying 
the effective magnetic bias for the transducer. One method of determining the effective bias 
is to measure the magnetic field distribution as a function of position and take a weighted 
average. For example axial variations inside a permanent magnet can be averaged by taking 
the area under the magnetic field amplitude versus position curve divided by the total length 
inside the magnet 
A demagnetizing field is set up in a magnetized material of finite dimension due to 
the creation magnetic poles (Jiles 1991). The demagnetizing field fli/can be written as 
Hd = NdM, (2.7) 
where the demagnetizing factor Nd \sdi function of the material's permeability and geometric 
dimensional ratio. For a general geometry (other than a sphere or ellipsoid), ^^must be 
approximated, which is easily accomplished with tables and charts for Nd (Jiles 1991). The 
factor Hd reduces the applied magnetic field inside the core, therefore decreasing the 
magnetization and magnetostriction for a given external applied magnetic field. The 
demagnetizing field is of particular importance for Terfenol-D transducers which employ an 
open or air magnetic remm path. For magnetic circuits completed with magnetic material 
such as steel or a permanent magnet, it is common to neglect the demagnetization field 
(Meeks and Tinune 1980). 
2.2.4 Thermal considerations 
Thermal considerations should not be neglected in the design process, since heating 
can greatly effect transducer performance. Ohmic heating in the excitation coil, eddy current 
losses, and magnetomechanical hysteresis are all significant thermal sources during dynamic 
operation. Thermal effects to consider in transducer design are Terfenol-D thermal 
expansion (Terfenol-D coefficient of thermal expansion is 12 ppm/°C (Butler 1988), 
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dependence of Terfenol-D performance on temperature (see Section 1.4.3), thermal 
expansion of the coil (coils used in prototype transducer described in this chapter showed 
significant expansion when heated to ICX) °C (Dapino 1996)), thermal expansion of other 
transducer components, and the thermal range of the coil insulation (usually rated by the 
manufacturer). In addition, operation above or below room temperature effects the Terfenol-
D core performance as discussed in Section 1.4.3. 
Thermal effects can be reduced by careful design. Thermal sinks, such as thermally 
conducting material connected to the Terfenol-D core or housing, allow for the control and 
removal of excess heat. They should be considered in the transducer design. The effect of 
eddy current heating can be reduced through the choice of materials, geometry, and 
laminations of the magnetic circuit components. In particular, laminating the rod and slitting 
the permanent magnet can significantly reduce transducer losses resulting from heating (Hall 
1994). 
2.2.5 Electrical issues 
The input to the transducer system is not the magnetic field but a reference signal 
which is amplified and becomes the electrical input to the excitation coil. The electrical 
potential across the drive coil generates the magnetic field which excites the Terfenol-D core. 
The power supply/driving power amplifier is intimately connected to the transducer 
performance and should be designed as part of the transducer system (Janocha, Schafer et al. 
1994). The link between transducer and amplifier is quantified by the electrical impedance 
function = VU, which describes the relationship between the voltage V and current /. 
For most commercially available AB amplifiers, there are two choices relating the 
amplifier output to the input reference signal. For voltage conttol, the output voltage seen 
across the drive coil follows the reference signal to the amplifier; whereas for current control, 
the current in the drive coil follows the reference signal. In current control mode the voltage 
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will be modified (as given by the electrical impedance function) in order for the current into 
the excitation coil to follow the reference signal. For many amplifiers this current control is 
accomplished via a feedback control internal to the amplifier. An example of the current and 
voltage autospectral density functions versus frequency for voltage control and current 
control modes are shown in Figures 2.6a and b. Despite use of current control, the current 
magnitude still dips by approximately 25% around resonance in Figure 2.6b. This 
performance is typical of many AB type amplifiers. (The tests were taken under different 
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Figure 2.6: Comparison of autospectral density functions of current and voltage for a) (left) 
constant voltage and b) (right) constant current source. 
Differences in performance for operation with constant current or constant voltage 
excitation are expected due to the change in magnitude of the AC magnetic excitation with 
frequency. The magnetic field is related to the current, as given by equation 1.10. The 
current decreased considerably around resonance for the constant voltage case. The 
nonlinear response (sensitivity) of Terfenol-D to the amplitude of the AC drive magnetic 
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field is well known, as discussed in Chapter 1, and will result in large changes in 
performance, including a shift in mechanical resonance (see section 2.3.6). Note that the 
acceleration (or displacement) per ampere shows the true mechanical resonance of the 
system. The peak in the acceleration (displacement) will be at the mechanical resonance if 
the current is kept constant across the frequency bandwidth which includes the mechanical 
resonance. However, it will differ radically if voltage is constant because the current 
magnitude has changed. Constant current is found to be a more reliable and robust method 
for testing samples or transducers in the frequency domain. 
According to the Faraday-Lenz law (equation 1.12) the change in magnetization in 
the Terfenol-D core will induce a voltage in the sensing coil and excitation coil, known as 
"back emf. As the frequency and drive level increase, the changing magnetization in the 
Terfenol-D core also increases. Since the induced voltage is proportional to the time rate of 
change of the flux density, as frequency increases a larger voltage is induced in the excitation 
coil. This becomes a significant effect to consider in relation to the ability of the amplifier to 
provide the desired excitation signal, since for current control the applied voltage will be 
modified so that the current will follow the reference signal input to the amplifier. 
This behavior is seen in Figure 2.7, where the excitation voltage (drive voltage Vdr) 
and voltage in the sensing coil (pick up voltage Vpu) are plotted versus time for a sinusoidal 
excitation current at 1,10, 50, and 100 Hz. The excitation current / versus time is also shown 
for each frequency. The change in magnitude of the excitation voltage reflects the changing 
electrical impedance of the system, which increases linearly with frequency at frequencies 
well below resonance. The magnitude of the pick up voltage increased by roughly 25 times 
as frequency increased from 1 Hz to 100 Hz. Since the pick up voltage measures a signal 
proportional to the voltage induced in the excitation coil, a correspondingly large change in 
induced voltage also occurs. By 50 Hz, the induced voltage has completely dominated the 
excitation voltage and therefore the electrical impedance seen by the amplifier. The 
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Figure 2.7: Input drive voltage Vdr and pick up voltage Vpu at a) 1 Hz, b) 10 Hz, c) 50 Hz, 
and d) 100 Hz. The excitation current for each frequency is shown below each plot. 
79 
relationship of the voltages to the current for each frequency shows that the Vdr is in phase 
with the current at low frequencies but the current starts to lag Vdr at 50 and 100 Hz. 
Similarly, the change in magnetization due to applied stresses (Villari effect) will 
result in a voltage induced in the excitation and sensing coil. These effects can be 
particularly significant around mechanical resonance, resulting in a sufficientiy large 
distortion to severely curtail the ability of the amplifier to drive the Terfenol-D transducer. 
Impact excitation of the Terfenol-D core produces a similar result, inducing a voltage spike 
in the excitation coil, which can be problematic for the amplifier. 
The performance the transducer is greatiy dependent on the type of amplifier used. In 
addition to linear AB amplifiers discussed above, switching amplifiers are also available. 
Pulse Width Modulation (PWM) switching amplifiers have been investigated for use with 
electrostrictive systems and found to be a much more efficient power supply than AB 
amplifiers (Zvonar and Lindner 1997) and could prove useful for Terfenol-D as well. Details 
on the operation of switching amplifiers can be found in the references (Zvonar, Luan et al. 
1996). In addition, the magnetization of ferromagnetic materials excited by a PWM 
magnetic field has been modeled (Kedous-Lebous 1996). 
These results highlight the significant interaction between the transducer and power 
supply amplifier, justifying the conclusion that the power supply amplifier should be 
considered as part of the transducer system. 
2.2.6 Operating conditions 
Magnetization, stress, and temperature are the main factors influencing Terfenol-D 
performance. In a transducer these factors corresponds to "operating conditions," mechanical 
prestress, external load, magnetic bias, AC magnetic field amplitude (magnetic drive level), 
frequency of excitation, and temperature. In many cases, accurate experimental data shows 
that transducer performance can be improved or optimized by operating under the specific 
conditions (Calkins, Dapino et al. 1997). This theme, which will be explored in more detail 
in Chapters 3 and 6, can be an important design issue for Terfenol-D transducer. 
Experimental results which show the effect of operating conditions on transducer 
performance are available. The effect of prestress on Terfenol-D material was discussed in 
Chapter 1. Further experimental evidence illustrating the effect of prestress on transducer 
performance, including performance optimization, will be given in Chapter 3. The effect of 
the magnetic bias on transducer performance will also be analyzed in Chapter 3. A statistical 
study of Terfenol-D material properties measured under dynamic conditions as used in a 
transducer was made by Iowa State University and Etrema Products (Flatau 1996; Dapino, 
Ratau et al. 1997). The effect of AC magnetization amplitude, external mass load, and 
temperature on material properties was investigated. 
The significance of operating conditions on the design of Terfenol-D transducers is a 
broad subject, made complicated by the lack of reliable data, differences in transducer 
designs, and the interaction of the effects. However, the available data leads to the 
conclusion that the performance and hence design of a Terfenol-D transducer must take into 
account the operating conditions. Perhaps the most important point thai can be made on the 
subject of operating conditions is that the performance of a transducer should be measured, 
modeled, and controlled under conditions similar to those expected for operation. 
2.2.7 Mechanical resonance 
The capability to actively control the mechanical resonant frequency is a powerful 
design tool for a transducer. This resonance control, or tuning capability, has been explored 
for conventional spring-mass passive vibration absorber systems (James, Smith et al. 1989) . 
More recently smart material researchers have considered the capability of tuning the 
resonance of transducer materials, such as piezoelectrics, electrostrictives, and 
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raagnetostrictives, by modifying the electrical leads (Flatau et al. 1997; Gibbs and 
Shearwood 1996). Experimental evidence demonstrates that the resonant frequency of a 
Terfenol-D sample can vary tremendously with operating conditions. For example, the 
change in Young's modulus with magnetic bias (AE effect) in Chapter 1 highlights this 
effect. In addition, the transducer components provide other means of modifying the 
mechanical resonance. The result is a very rich frequency design space which provides 
unprecedented flexibility to the transducer designer. 
The transducer mechanical resonance will vary due to a number of factors. Some of 
these factors are related to the Terfenol-D core geometry and the influence of operating 
conditions, prestress and magnetic bias. Other factors are tied to the dynamic transducer 
components, such as the prestress mechanism, internal masses and damping, and mechanical 
loads. 
The first mode mechanical resonance fo of a Terfenol-D transducer is given by 
Meff is the effective dynamic mass, kr-o is the Terfenol-D core stiffness, and kmps is the 
prestress mechanism stiffness. 
The effective mass Meff i& a combination of a portion of the mass of the rod, 
components in the prestress mechanism, the output connector, and any load to the transducer. 
Increasing the mass of any of these components, decreases the resonance. 
For a long, thin Terfenol-D rod, the stiffness is 
(2.8) 
, _ EYAJ_Q 
*r-z) —; (2.9) 
^-D 
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with area AT-D and length IJT-D- From equation 2.8 and 2.9, it is clear that increasing Ey 
increases fo. Young's modulus is dependent on the operating conditions, in particular 
magnetic bias, prestress, and magnetic drive level. The effect of the magnetic bias on the 
Young's modulus (AE effect) is quite complicated as indicated by Figure 1.14. Young's 
modulus decreases to a minimum (nominally near the critical field) and then increases again 
with increasing Held. Young's modulus reaches its largest value, i.e. the material appears 
stiffest, when fully saturated. Prestress and AC magnetic field drive level also influence Ey 
directly. Increasing the prestress on the Terfenol-D core increases Ey, while increasing the 
drive level decreases Ey to a lower limit at high drive levels. 
The transducer components will also effect the resonance. Since the prestress 
mechanism is generally in parallel with the Terfenol-D core, the effective stiffness of the 
system is the sum of the Terfenol-D core and the prestress mechanism (equation 2.3). 
Therefore fo increases with increasing stiffness of the prestress mechanism. The damping in 
the prestress mechanism will also effect the resonance, however this change will be slight 
relative to the effect of kmps and Mgff. 
The Terfenol-D geometry will also effect the resonance. From equation 2.8 and 2.9, 
f^mps and hence/o increase with increasing At-d and decreasing Lt-d- Note this simple 
analysis assumes no change in dynamic mass of the system. 
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3. TERFENOL-D TRANSDUCER EXPERIMENTAL ANALYSIS 
In this chapter, a broad set of experimental tests is presented to facilitate an 
understanding of Terfenol-D transducer performance. The effects of mechanical prestress, 
magnetic bias, magnetic AC amplitude (magnetic drive level), and magnetic rate dependence 
on the performance of two similar Tonpilz transducers are investigated. The interaction of 
conditions is also considered, along with variations of material properties with operating 
conditions. These experimental results demonstrate the range of performance of a typical 
Terfenol-D transducer. 
3.1 Experimental transducer overview and testing conditions 
The experimental data reported here was taken with two broadband Terfenol-D 
transducers developed at Iowa State University. Similar transducers have been used in a 
number of other studies (Hall 1994; Calkins and Hatau 1996; Dapino, Calkins et al. 1996; 
Flatau 1996; Calkins, Dapino et al. 1997; Calkins and Flatau 1997; Dapino, Flatau et al. 
1997). Two transducers employing different size Terfenol-D cores were used in the testing 
in order to generalize results. The concentric configuration of both transducers is shown in 
Figure 2.1. The transducer's nominal resonance range was designed for structural active 
noise and vibration control applications (1-10 kHz). The transducers were designed to 
produce an output free of spurious resonances, and to allow adjustable prestress and magnetic 
bias. A magnetic bias could be provided by a cylindrical permanent magnet which 
surrounded the coils. This permanent magnet, which was made of Alnico V, was slit to 
reduce eddy current losses. Belleville washers, in parallel with the Terfenol-D rod, provided 
a mechanical prestress, which could be varied by adjusting a prestress bolt which threaded 
into the base and pushed the Terfenol-D rod into the washers. A pick-up coil was wound 
inside the excitation coil and used to measure magnetic induction B, based on the Faraday-
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Lenz law (equation 1.12). The input current to the drive coil, which produced the applied AC 
magnetic field and a DC magnetic bias as needed, was generated by a Techron 7780 
amplifier in current control mode. The reference signal was produced by a Tektronix 
spectrum analyzer (2642A) ou^ut module. 
The measurable quantities from the transducer included the current and voltage in the 
drive coil, voltage induced in the pick-up coil, the mechanical output, temperature, and 
magnetic flux density. Displacement of the output interface connection of the transducer was 
measured with a linear variable differential transformer (Lucas LVM-10 LVDT). 
Acceleration at the same location was measured with a variety of accelerometers. 
Temperature was maintained within 5° C of ambient temperature (23° C) by monitoring two 
thermocouples located near the ends of the Terfenol-D sample. A Gauss-Meter (F.W. Bell 
4048) was used to map the magnetic field per unit current along the central axis of the drive 
coil in each transducer, and a weighted average (the area under the curve "magnetic field 
amplimde versus axial position" divided by the total length of the coil), was used to calibrate 
the drive current needed in each transducer to obtain the desired applied magnetic field 
levels. Appendix E contains the specifications for the equipment used in the tests. 
3.1.1 Case study 1 (C.S. 1) 
The first transducer (designated Transducer #1) employed a 0.115 m (4.53 inch) long, 
0.0127 m (one half inch) diameter Modified Bridgman Terfenol-D rod {TbojDyojFe 1,9). 
The rod was placed inside two coils of AWG 21 magnetic wire, an inner single layer 150 turn 
pick-up coil, and a multi-layer 900 turn drive coil, both of length 0.1245 m (4.9 inches). The 
applied magnetic field generated by the excitation drive coil was 5600 A/m (70 Oe) per 
ampere. The transducer base mass (12 Kg) was much larger than the combined head mass 
and external dynamic load, providing a reasonable approximation of a single degree of 
freedom linear spring-mass system (with approximately fixed-free mechanical boundary 
conditions). The goal of case study #1 was to investigate the effect and interaction of 
magnetic bias, and AC magnetic field amplitude, and excitation frequency on the 
transducer's operation. The dynamic performance of the transducer was examined with 
frequency response functions (FRF) and with minor loops. 
3.1  ^Case study 2 (C.S. 2) 
The second transducer (designated Transducer #2) was of similar design, employing a 
0.0513 m (2.02 inch) long, 0.00635 m (one quarter inch) diameter, FSZM Terfenol-D rod 
(TbojDyojFei^g). In this case, fixed-free boundary conditions were maintained with a 
transducer base mass of 3.0 Kg which was much greater than the combined head mass and 
external load. A cylindrical wound solenoid 0.0558 (2.2 inches) long made of AWG 26 
magnetic wire consisted of a 12 layer driving coil (1440 turns) and a single-layer sensing coil 
(120 turns). The primary goal of this case study was to examine the dynamic effect of 
prestress on a Terfenol-D transducer performance. In addition, the interaction of the 
prestress and magnetic bias was investigated, along with variations in magnetic field 
amplitude for quasi-static operation. Finally, the effect of the magnetic bias and presuress 
conditions on dynamic material properties was examined. 
The prestress was applied to the Terfenol-D rod via the washer assembly depicted in 
the schematic in Figure 2.2. As the rod was magnetically excited and strained, it did work 
against the washers, oscillating around the nominal prestress determined for each test While 
the following results were obtained from Transducer #2, they are typical of many actuators of 
similar design employing linear Belleville washers (see Section 2.2). The washer assembly 
stiffness was 1.256e6 N/m (7170 lbs/in). During operation the prestress varied by 0.833 MPa 
per ram displacement (146 psi per mil displacement). For Transducer #2, 0.0254 mm or 1 
mil displacement corresponds to approximately 500 ^ie. The change in prestress computed 
from the peak displacement and the percentage change from the nominal value is given in 
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Table 3.1 for four prestresses at five different drive levels. The large change in prestress for 
the 80 kA/m (1000 Oe) tests, up to 40% of the nominal prestress, is a significant issue to 
consider in transducer design. For lower drive levels, used for the dynamic tests as in 
Section 3.5, the change in prestress is a more acceptable seven percent or less. 
Table 3.1 Maximum change in prestress (0-peak) and change as a percentage of the 
nominal prestress during operation at resonance (Transducer #2). 














































Analysis of transducer performance can be made by considering measurements as 
functions of frequency or time. Both methods can contribute to the design, simulation, and 
modeling process. The frequency domain is most easily analyzed by considering the 
frequency response function (FRP), such as electrical impedance (V>7), or dynamic strain 
coefficient (^H). Modeling in the frequency domain is quite common for transducers. The 
ability to accurately model the influence of frequency dependent effects, such as mechanical 
resonance and eddy currents, can be integral to optimized transducer design. A more 
operational view of the transducer performance as a function of time, for instance modeling 
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of transient input and output for control applications, is best considered in the time domain. 
Time domain results are generally shown with major and minor loop plots, such as B-H, X-M, 
oxX-H. 
For frequency domain data, two methods are available for collecting data over the 
bandwidth of interest (For the tests run here this was a frequency bandwidth which generally 
included only the first mechanical resonance.) The input excitation to the transducer can be 
white noise over the bandwidth of interest (broadband excitation) or a single frequency which 
is discretely swept through the bandwidth of interest (sweptsine). Results obtained from the 
two methods are quite different. This difference can be explained in part by the fact that the 
second method excites and measures only one frequency at a time. This means that the 
harmonic content of the signal is ignored. For the amplifiers used for this work, the 
sweptsine measurements had the advantage of allowing higher levels of excitation at a given 
frequency. 
3.2 Mechanical prestress 
In this section, transducer performance is investigated as a function of the mechanical 
prestress applied to the Terfenol-D core. Experimental evidence for the effect of prestress on 
the performance of the transducer is considered in a number of ways. The effect of prestress 
on the quasi-static performance is often illustrated by the changing slope and strain at a 
different applied magnetic fields in double sided strain versus applied magnetic field plots 
(butterflies) (Clark and Savage 1983; Butier 1988), Both transducers were tested under 
unbiased, quasi-static conditions at presu-esses ranging from 0 to 12.0 MPa (1.75 ksi). The 
results of transducer performance can be compared with the discusion of stress effects in 
Chapter 1 and the effect of prestress on an isolated, statically loaded rod of Terfenol-D, 
shown in Figures 1.10a and b. For all data reported, the prestress value is the nominal 
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prestress on the bulk specimen due to the prestress mechanism. It does not include changes 
in prestress due to inertial loads or internal stresses produced by the magnetostriction. 
3.2.1 Prestress C.S. 1 
Transducer #1 was tested at ten prestresses from 0 to 12 MPa (1.7 ksi) for unbiased 
operation at drive levels up to 6x10^ A/m and X-H, B-H, M-H, and A-Af plots are analyzed. 
The measured strain was normalized so that the zero strain point coincided for all plots. 
Without a magnetic bias, the magnetostriction is symmetric with magnetization and the two 
sided strain versus applied field or "butterfly" results. That is strain shows a doubling of the 
applied field frequency. 
In Figure 3.1, ten X-H plots are shown with stress increasing along the third axes (up 
and to the right of the figure) with values of 0, 1.4, 2.8,4.2, 5.6, 6.9, 8.4, 9.6, 10.9, and 12 
MPa. The slope and peak strain increase with increasing prestress until a peak is reached at 
6.9 MPa. Further increases in prestress result in a decrease in the slope and much larger 
applied fields required to reach saturation strain. The initial increase in strain from zero is 
seen at larger and larger fields (H) as the prestress increases. As the prestress increases, more 
energy is needed to overcome the prestress induced anisotropy. The transducer appears to 
have a range of prestresses from 4.4 to 8.4 MPa where the peak strain of around 1100 p.e is 
reached at 60 kA/m. However, above 9.6 MPa the peak strain decreases tremendously. 
Under the 12 MPa prestress the output of the transducer has been effectively blocked. 
This result is in contrast with the statically loaded rod shown in Figure 1.10a, which reached 
a peak strain output at 14 MPa and still shows appreciable strain at 80 kA/m (1000 Oe) at 28 
MPa (4 ksi). The reduction in transducer strain at 10.8 MPa is similar to the statically loaded 
rod under 42 MPa presttess. The difference between the performance with prestress of an 
isolated statically loaded rod and the performance of a similar rod in a transducer is attributed 
to the prestress mechanism. As large amounts of energy are stored in the prestress 
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mechanism spring, the Terfenol-D rod can no longer produce much mechanical output for a 
similar input electrical power level. The statically loaded rod does not loose energy to a 
prestress mechanism and hence more mechanical output is seen even at higher mechanical 
prestresses. 
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Figure 3.1: Surain versus H for Transducer #1 under increasing prestress 0, 1.4, 2.8, 4.2, 5.6, 
6.9, 8.4, 9.6, 10.9, and 12 MPa, along the third axis (cJb). 
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The M - H  and M - B  plots in Figures 3.2 and 3.3, respectively, illustrate the 
magnetization of the Terfenol-D sample. As the prestress increases, the slope of M-H (the 
susceptibility) at a given field level decreases considerably. Therefore, at low prestresses, 
this magnetization is primarily due to 180° domain wall motion and reorientation of the 
domain magnetization between easy axes which are oriented approximately perpendicular to 
the direction of the applied field. The slope at the coercive point (where Af=0 or B=Q) is the 
1 10^ 
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Figure 3.2: M versus H for Transducer #1 under increasing prestress 0, 1.4, 2.8,4.2, 5.6, 6.9, 
8.4,9.6, 10.9, and 12 MPa, along the third axis (ob). 
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largest seen in the plots. All the prestress plots go through a coercive point that varies little 
with prestress, from 3000 to 3250 A/m. At prestresses above 4 MPa, B-H and M-H show a 
kinked shape, which may be linked to the domain magnetization rotation between easy axes. 
The maximum drive level of 56 kA/m was insufficient to saturate the material. However, at 
saturation, M goes to Afj, and the susceptibility goes to zero while the permeability goes to 
the permeability of free space, independently of the prestress. 
15 
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Figure 3.3: B versus H for Transducer#! under increasing prestress 0, 1.4, 2.8, 4.2, 5.6, 6.9, 
8.4,9.6,10.9, and 12 MPa, along the third axis (<To). 
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The plots of A-Af shown in Figure 3.4 provide an interesting look at the effect of 
prestress on the relationship between strain and magnetization. The most striking feature is 
the difference in X-M relationships for low prestress (below 5.6 MPa) and the higher 
prestresses. For low prestresses, the large change in magnetization does not contribute to 
magnetostriction, as discussed above in Figure 3.1, hence the plots are initially nearly flat. 
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Figure 3.4: Strain versus M for Transducer #1 under increasing prestress 0, 1.4, 2.8, 4.2, 5.6, 
6.9, 8.4, 9.6, 10.9, and 12 MPa, along the third axis (Oo). 
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applied field results in significant magnetization and magnetostriction. As prestress 
increases, the initial orientation improves, and more strain is seen at lower magnetization 
levels. At prestresses above approximately 5.6 MPa (0.8 ksi), the A-Af plots overlap and the 
magnetization/magnetostriction process is independent of prestress. While A-Af shows a 
nominal quadratic shape at low drive levels, it then becomes linear at mid to high drive 
levels. These results are somewhat different from reported effects of prestress (Chapter 1), 
where 15 or 25 MPa is required to provide a nearly quadratic shape. Magnetomechanical 
hysteresis is seen at all prestresses. At the highest prestresses tested, changes in 
magnetization occur with minimal changes in strain. This appears to be a result of the 
prestress mechanism "blocking" ouQ)uL 
3.2  ^Prestress C.S. 2 
The effect of prestress on X-H plots for high drive level, unbiased operation of 
transducer #2 was considered. Transducer #2 was driven with a 0.7 Hz, 79.6 kA/m (lOCX) 
Oe) AC applied magnetic field and the magnetostriction (strain in units of ppm or pie) was 
measured and plotted versus applied magnetic field H for five prestresses 3.5, 5.25, 7, 8.75, 
10.5 MPa (0.5, 0.75, 1.0, 1.25, and 1.5 ksi) in Figure 3.5. Again, the measured strain was 
normalized so that the zero strain point coincided for all plots. 
The influence of prestress on near DC transducer output is seen in the strain, strain-
field slope, and magnetic field at maximum slope in Figure 3.5. The peak magnetostriction 
reached for each prestress at 80 kA/m (KXX) Oe), the region of highest slope (change in strain 
with applied field), known as the burst region, and the field at which the maximum slope 
occurs are summarized in Table 3.2. 
As the prestress increases beyond 5.25 MPa (0.75 ksi), the burst region is reached at 
larger magnetic fields because more energy is required to overcome the prestress. The 
butterflies show hysteresis, with the trace following the lower leg up as the applied field is 
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increased and the top leg down as the applied field is decreased. The amount of hysteresis, or 
loss in one cycle, is related to the area enclosed in the butterfly loop. The hysteresis 
increases with increasing prestress, significantly altering the path followed by the strain for 
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Figure 3.5: Strain versus applied field butterflies at 0.7 Hz for 3.5, 5.25, 7, 8.75, 10.5 MPa 
(0.5,0.75, 1.0,1.25, and 1.5 ksi) prestress. 




@ 1000 Oe 
Maximum slope 
OiE/Oe) 
H @ maximum 
slope (Oe) 
0.5 860 2.20 310 
0.75 1070 2.77 275 
1.0 1075 2.77 400 
1.25 1025 2.44 460 
1.5 960 2.17 530 
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The data shown in Figures 3.1 and 3.5 can be compared with Figure 1.10 to see the 
difference between the effect of prestress applied as a constant load and prestress applied 
with a prestress mechanism described in Chapter 2. The most striking difference between the 
two is that the strain output of the statically loaded rod does not show the extreme drop off in 
output seen in both transducers. By considering equation 2.4, it is hypothesized that the 
prestress mechanism is storing energy which would otherwise have been available as 
additional strain output. However, this fails to explain the extreme drop off in output 
between 9.8 MPa and 11.9 (1.4 and 1.7 ksi) prestress, because the displacement-force profile 
of the washer appears fairly linear throughout this regime. 
33 Magnetization 
The effect of magnetization on the performance of a Terfenol-D uransducer will be 
considered for two distinct phenomenon: DC magnetization (magnetic bias) and magnetic 
drive level AC amplitude. 
3.3.1 Magnetic bias C.S. 1 
The two sided k-H butterfly figures of the last section result from zero bias operation 
since strain is symmetric with the magnetization and applied magnetic field. In addition to 
this frequency doubling of A to Af and H, AC operation at the higher prestresses around the 
zero magnetic bias point is in a region of low strain output By applying a DC magnetic bias 
field, AC operation can be moved to steeper regions of the quasi-static X-H curve, eventually 
reaching the higher su^ burst region. 
Comparison between performance with and without bias provides anecdotal evidence 
of the importance of employing a magnetic bias, in particular for lower drive levels. A 
comparison is made of the performance of Transducer #1 under a prestress of 6.9 MPa (1 ksi) 
between zero bias {Ho=Q) and a bias of Ho=30 kA/m (375 Oe). Two magnetic drive levels 
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are examined; a low magnetic drive level, AC amplitude 800 A/m (100 Oe), and a higher 
magnetic drive level of 60 kA/m (750 Oe), where the AC amplitudes are peak-peak for the 
transducer with a 30 kA/m bias and zero-to-peak for the transducer with zero bias. The 
higher magnetic drive level was picked so that the biased test corresponded to one leg of the 
two sided zero bias butterfly. Two plots of X-H at the high and low drive level for zero bias 
and 30 kA/m bias, respectively, are overlaid in Figure 3.6a and b. Little difference in shape 
or peak strain is seen between the large drive levels with and without bias; however for low 
drive level excitation, the strain output for operation around bias is nine times the strain 
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Figure 3.6; Comparison between k-H at high and low magnetic drive level with a) (left) zero 
bias and b) (right) 30 kA/m magnetic bias. 
Pratt etal. have demonstrated a control system which takes advantage of the frequency 
doubling effect and the nonlinearities inherent in the giant magnetostrictive performance 
(Pratt etal. 1997). This serves as an inuiguing alternative method of operation with several 
advantages. First, output is symmetric with respect to the excitation signal and the 
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nonlinearities of the response can be utilized as described by Pratt et al (Pratt etal. 1997). 
Second, since bulky permanent magnets are often required to provide the magnetic bias, 
savings in weight and volume can be realized. Finally, zero bias operation has an advantage 
not previously cited, in that the effects of eddy currents are reduced significantly. The 
excitation frequency, which generates eddy currents in all electrically conducting 
components fiux linked to the excitation solenoid, is one half that required by the biased 
operation. In other words, the cutoff frequency of operation as determined by eddy currents 
has effectively doubled (Bozorth 1951; Butler 1988). 
Zero bias operation will be preferrable in some cases. However, several issues must 
be considered when evaluating this method of operation. First, a more sophisticated control 
system, capable of accounting for the frequency doubling and taking advantage of the 
nonlinearities, must be employed. In the case of an active vibration control system, where 
the drive signal to the transducer is taken from a structural response, a frequency shift may be 
necessary in order for the ttansducer output to be at the right frequency to reduce the 
undesirable oscillation. Next, for low drive levels, the zero bias operation will have lower 
efficiency relative to the biased operation as shown in Figure 3.6, since much of the operation 
occurs in the low strain region around zero applied field. However, qualitatively it appears 
that high field operation can approach the efficiency of the biased operation. Finally, the AC 
amplitude of the input signal for zero bias is twice the AC amplitude of the biased case, 
placing double the voltage requirements on the power supply. 
3.3  ^Minor loop sensitivity to magnetic bias C.S. 1 
The effect of the magnetic bias on minor loops of amplitude much less than the 
magnetic bias demonstrates the sensitivity of the performance to the magnetic bias. For 
many applications, the entire stroke of the transducer is not required and AC magnetic field 
amplitudes less than the magnetic bias are used. In this case, the effect of the magnetic bias 
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on the output is not limited by the magnetic bias but still results in considerable change in 
performance. Figure 3.7 shows quasi-static major hysteresis loop of strain versus applied 
magnetic field taken under a 6.9 MPa (Iksi) mechanical prestress. The five quasi-static 
minor loops of AC amplitude 5 kA/m, with successively increasing magnetic biases of 5, 15, 
25, 35, 45 kA/m, show the effect of magnetic bias on the transducer output The nominal 
slope of these loops is the axial strain coefficient d. Parameter d varies by a factor of 50 










-610* -4 10* -210* 0 2 10* 4 10* 6 10* 
H (A/m) 
Figure 3.7: Quasi-static major and minor X-H hysteresis loops at 6.9 MPa (1 ksi) prestress. 
The minor loops are each 5 kA/m AC amplitude at biases of 5, 15,25, 35, and 45 kA/m. 
An interesting facet of Figure 3.7 is the relationship between the major and minor 
loops. The data for the major and minor loops was collected in one continuous test, so the 
nesting of the minor loops in the major loop can be seen. The nominal slope of the minor 
loops changed as the slope of the major loop in the vicinity changed. As H increased beyond 
its previous maximum (the magnetization of the material increased beyond its previous 
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maximum), the strain followed the major loop trajectory. Once H decreased, the minor loop 
trajectory moved into the interior of the major loop eventually closing on itself as H was 
again increased. 
Further tests of Transducer #1 show the effect of magnetic bias on the transducer 
performance. Minor loop data was taken at 1 Hz, 8 kA/m (100 Oe) under 6.9 MPa (1 ksi) 
prestress for five different magnetic biases. Figure 3.8, 3.9 and 3.10 show minor loops of A-
8 kA/m 16 kAAn 24 kA/m 32 kA/m 40 kAAn 
I llf -SOOO 0 5000 I 10* I lO* 4000 0 MOO I 10' I 10* -SOOO 0 SCOO 1 10' B (A/B) R (Aym) a (JUto) B (Ate) B (AA) 
Figure 3.8: Strain versus applied field for 8 kA/m AC magnetic field amplitude at increasing 
magnetic bias from left to right (8 kA/m, 16 kA/m, 24 kA/m, 32 kA/m and 40 kA/m). 
S kA/m 16 kA/m 24 kA/m 32 kA/m 40 kAAn IJ to' 
•I 10* .SOOO 0 SOOO I to* •t to* -SOOO 0 SOOO t 10* •I to* 4000 0 5000 t 10' •1 l(f SOOO 0 SOOO 1 10* -t to* 4000 0 SOOO t to* 
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Figure 3.9: Magnetization versus applied field for 8 kA/m AC magnetic field amplitude at 
increasing magnetic bias from left to right (8 kA/m, 16 kA/m, 24 kA/m, 32 kA/m and 40 
kA/m). 
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H, M-H, and A-Af, respectively. The strain increases as the magnedc bias is increased from 8 
kA/m to 16 kA/m and then falls off quickly at 24 kA/m and above. In contrast, the 
magnetization peaks at 8 kA/m and decreases with increasing magnetic bias. This indicates 
that the magnedc bias is crucial for optimizing strain output relative to magnetization. 
Considering again Figure 3,3, it was theorized that at low field, large changes in M with 
small changes in A are due to "nonmagnetostrictive" 180° domain wall motion. As the 
magnetic bias increases, both M and X fall off drastically. The strain amplitude is reduced by 
five fold at 40 kA/m with respect to the amplitude at 16 kA/m. In addition, as magnetic bias 
increases, A-Af becomes more linear, and minor loops overlap one another. This corresponds 
to the operation in the linear regime of the higher prestresses in Figure 3.4. 
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Figure 3.10: Strain versus magnetization for 8 kA/m AC magnedc field applitude at 
increasing magnetic bias from left to right (8 kA/m, 16 kA/m, 24 kA/m, 32 kA/m and 40 
kA/m). 
3.33 Quasi-static magnetic drive level C.S. 1 
At a given mechanical prestress and magnetic bias, the amplitude of the AC magnetic 
field has a very strong influence on the performance of the transducer in terms of strain, 
magnetization, and minor loop shapes. Figures 3.11 to 3.13 show the X-H, M-H, and X-M 
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data, respectively, for a magnetic bias of 16 kA/m (200 Oe) under a 6.9 MPa (1 ksi) prestress 
excited with a 1 Hz magnetic field at AC amplitudes of 2, 4, 8, 12, 16 kA/m (25, 50, 1(X), 
150, and 200 Oe) taken with Transducer #1. Strain and magnetization increase with 
increasing magnetic drive level as expected. In Figure 3.11, the k-M loop shows a very slight 
increase in nominal slope from 2 to 4 kA/m. At the higher drive levels, the loops follow the 
major loop closely. 
OXOQS 
Figure 3.9: Strain versus applied field under 7 MPa prestress with 16 kA/m magnetic bias for 
AC magnetic field amplitude increasing from left to right (2 kA/m, 4 kA/m, 8 kA/m, 12 
kA/m and 16 kA/m). 
Figure 3.10: Magnetization versus applied field under 7 MPa prestress with 16 kA/m 
magnetic bias for AC magnetic field amplitude increasing from left to right (2 kA/m, 4 kA/m, 
8 kA/m, 12 kA/m and 16 kA/m). 
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Figure 3.11: Strain versus magnetization under 7 MPa prestress with 16 kA/m magnetic bias 
for AC magnetic field amplitude increasing from left to right (2 kA/m, 4 kA/m, 8 kA/m, 12 
kA/m and 16 kA/m). 
3.3.4 Dynamic performance 
The dynamic performance of Terfenol-D transducers is explored in both the 
frequency and time domains. Analysis of the dynamic performance of a Terfenol-D 
transducer can be accomplished most easily in the frequency domain. However, an important 
understanding of the performance is gained by considering the data in the time domain at 
discrete frequencies. Results in both domains can be compared to provide the broadest 
understanding of the influence of the frequency of operation on the transducer's dynamic 
performance. The influence of dynamic losses, mechanical resonance, and system 
resonances is seen by examining the mechanical, magnetic, and electrical parameters of the 
system. Transducer #2 was tested at a bias condition of 7 MPa pretress and 16 kA/m 
magnetic bias with an AC magnetic drive amplitude of 8 kA/m for a variety of frequencies, 
10,100,500, 800, 1000, 1250,1500, and 2000 Hz. In addition, a sweptsine test from 0-2000 
Hz under the same prestress and magnetic bias was run at the same AC magnetic amplitude. 
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A bode plot of the dynamic strain coefficient FRF is shown in Figure 3.12 along with 
plots of X-H at various frequencies. The magnitude of the FRF shows the characteristic 
resonance around 1200 Hz. In the "stiffness controlled" region, a bandwidth from 0 to 
approximately 1/10 the resonant frequency, the magnitude decreases. This is also seen in the 
minor loops as the shape and maximum strain decrease with increasing frequency from 1.0 to 
100 Hz. It is possible that in this frequency range, eddy currents are reducing the 
magnetization and hence magnetostriction of the Terfenol-D core. At slightly higher 
frequencies, mechanical resonance effects will become dominant. At resonance, the phase 
shifts from -20 ° at low frequency to -200° above resonance. The consequences of the phase 
shift are seen clearly in the 1000 Hz minor loop, which has a phase shift of approximately 
90°. Interestingly, the hysteresis, represented by the area of the minor loops, reaches a 
maximum near resonance and than decreases at higher frequencies. At 1500 Hz, the phase 
shift is nominally -180° and the minor loop shows very little hysteresis. 
Figures 3.13 and 3.14 show the FRF and corresponding minor loops of the 
permeability and susceptibility, respectively. Both the permeability and susceptibility 
decrease considerably after approximately 1200 Hz (the resonant frequency from Figure 
3.12) and then appear to increase with frequency. This indicates that it is difficult to 
magnetize the material in a narrow bandwidth of frequencies above the mechanical resonant 
frequency. 
Figure 3.15 shows the FRF and minor loops for k/M {d/x strain coefficient over 
susceptibility). The FRF magnitude shows a very sharp resonance with the corresponding 
phase shift around 1350 Hz. This is particularly interesting when compared with the more 
rounded resonance of Figure 3.12. The magnification factor for the resonance is over eight, 
indicating that operation at this resonance will be much more efficient in terms of output 
strain for a given level of magnetization. This also points out the potential gains of 
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Figure 3.12: top) FRF of X-H magnitude and phase, and bottom) time plots of strain versus H data taken from Transducer #2 with 
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Figure 3.13: Top) magnitude and phase of the FRF of transfer function between B and H, and bottom) B versus H at discrete 
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Figure 3.14: Top) magnitude and phase of the FRF of transfer function between M and H, and bottom) M versus H at discrete 
frequencies. Data taken from Transducer #2 witli bias conditions: 7 MPa prestress, 16 kA/m magnetic bias. 
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Figure 3.15; Top) magnitude and phase of the FRF of transfer function between A and M, and bottom)A versus M at discrete 
frequencies. Data taken from Transducer #2 with bias conditions: 7 MPa prestress, 16 kA/m magnetic bias. 
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3.3.5 Magnetization rate dependence C.S. 1 
Even for low frequency operation, the difference in performance between magnetic 
excitation with different rates of change is considerable. The transducer performance was 
compared for two different excitation fields, a sinusoid and a triangle wave, both with a 
waveform frequency of 1 Hz and peak field level of 56 kA/m. Figure 3.16 shows an overlay 
of the resulting A-ff plots. The shapes are very similar at low drive level but differ as the 
drive level increased. The ttiangle wave results show an increase in hysteresis at the highest 
drive as well as a higher peak strain. There are two potential causes for these differences: 1) 
the dynamic effects of the transducer, in particular the prestress mechanism and head 
components, and 2) increased induction of eddy currents (proportional to the time rate of 
change of the magnetization). 
In general, the discussion of AC magnetization assumes sinusoidal excitation of the 
material for the sake of simplicity. For the transducer, this means the input is a sinusoidal 
current into the excitation coil. Tests show that the applied magnetic field inside the 
excitation coil will also be sinusoidal and in phase with the current, although a slight phase 
lag between current and H was observed at frequencies above approximately 10 kHz. 
However, even for the case of sinusoidal applied field, the flux B, measured with a sensing 
coil surrounding the sample, was not sinusoidal. These results are not surprising based on the 
hysteretic relationship seen in B-H (such as Figure 3.3), however it highlights the need for 
caution when assuming sinusoidal flux density, as is common to many models. A sinusoidal 
magnetization is, at best, a loose approximation of reality. Non-sinusoidal excitation of 
magnetostrictive transducers has been studied (National Defense Research Committee 1946) 
and certainly deserves additional attention from the controls perspective. The effect of the 








Figure 3.16: Quasi-static X-H major loops under 7 MPa prestress for a sinusoidal (—) and 
triangle wave (—) applied field H. 
3.4 Interaction of effects 
The interaction of the effects of prestress, magnetic bias, and AC magnetization are 
anticipated based on the preceding sections. The analysis of the transducer performance is 
extended to consider the interaction between prestress, magnetic bias, magnetic drive level, 
and frequency. 
3.4.1 Prestress and magnetic bias C.S. 2 
The discussion regarding Figures 3.8 to 3.10 highlights the performance sensitivity to 
the magnetic bias; however, it must be remembered that this data was taken at a particular 
prestress (7 MPa). Based on the prestress analysis of Figures 3.1-3.4, results would clearly 
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vary with prestress. Therefore, prestess and magnetic bias are best linked as a "bias 
condition" (Moffet, Clark et al. 1991). 
The interaction between prestress and magnetic bias was investigated by Moffet et al. 
in one of the most thorough experimental investigations of the effect of prestress and 
magnetic bias on Terfenol-D material properties (Moffet, Clark et al. 1991). They 
investigated the effect of drive level (8 to 160 kA/m 0-pk) and presuress (7.0 to 63.0 MPa), 
with an optimized magnetic bias, on the material properties. They conclude that "the results 
of d33 [axial strain coefficient, d\, ^33 [permeability], and 5^33 [mechanical compliance] 
are dependent on stress and the magnetic Held, so proper mechanical prestress and magnetic 
bias conditions are critical to successful use of Terfenol-D in transducers and actuators." 
Numerous authors have noted the importance of magnetic bias on the transducer 
performance at a given prestress. Results are often reported at a given prestress with an 
"optimized" magnetic bias (Pitman 1989; Greenough, Jenner et al. 1991; Moffet, Clark et al. 
1991). Details on the criteria used for determining magnetic bias, however, are generally not 
given. In the course of the literature review, the use of different magnetic biases for a given 
prestress was noted. Therefore, the consideration of the most appropriate bias condition of 
prestress and magnetic bias is in order. 
The bias condition is analyzed by considering the effect of the interaction between the 
prestress and magnetic bias on Transducer #2 performance. The effect of the magnetic bias 
on strain output versus applied field input is examined for the largest amplitude drives 
possible at each bias, and then for low drives, much less than the magnetic bias. When a DC 
magnetic bias is applied to the Terfenol-D rod along with the AC magnetic drive field, the 
strain-applied field loop changes shape. Figure 3.17 shows X-H major loops for operation 
with a 7.0 MPa (1.0 ksi) prestress at a DC bias of 12, 23.2, 33.2, 43.2, and 54 kA/m (150, 
290, 415, 540, and 675 Oe). The tick mark on each figure indicates the magnetic bias point 
In each test the 0.7 Hz AC magnetic drive level amplitude was set to the magnetic bias, thus 
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Figure 3.17: Strain versus applied magnetic field under 7.0 MPa (1.0 ksi) prestress with 
magnetic bias of 12, 23.2, 33.2, 43.2, and 54 kA/m (150, 290, 415, 540, and 675 Oe). Tick 
marks indicate magnetic bias. 
avoiding frequency doubling. The overall shape of the strain field plots change dramatically 
as the magnetic bias increases. 
One method for determining an optimum magnetic bias is based on selecting an 
"optimized" magnetic bias for each prestress, which together define a bias condition. The 
"optimized" magnetic bias HQ produces a balanced X-H relationship when operating the 
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transducer to achieve the maximum output for a quasi-static 0.7 Hz input. This criteria has 
been used in several studies (Dapino, Calkins et al. 1996; Flatau 1996; Dapino, Flatau et al. 
1997). 
The difference in output from a transducer with an "optimized" magnetic bias and an 
over-bias or under-bias is suggested by the extreme difference in the X-H minor loops of 
Figures 3.7 and 3.17. The optimized bias criteria is met in the middle plot of Figure 3.17 
where Ho = 33.0 kA/m (415 Oe). An applied magnetic field of amplitude ±33.0 kA/m (±415 
Oe), around the initial magnetic bias identified with a vertical line, produced a displacement 
of ±25 microns (±500 pis) around the initial transducer output position (zero displacement). 
The magnetic bias was produced by the permanent magnet which had an effective strength of 
33.0 kA/m (150 Oe) and the remainder made up by a DC current of 0.89 amperes through the 
drive coil, rated at 24,000 kA/m/A (300 Oe/A). 
Four bias conditions with magnetic bias optimized for a given prestress, for 
Transducer #2 are shown in Table 3.3. Plots of the quasi-static strain versus applied field for 
each bias condition with the AC magnetic drive level amplitude equal to the magnetic bias 
are shown in Figure 3.18. A comparison of the slopes of the increasing applied field leg 
shows that the maximum slopes are identical for all prestresses over region C. Regions A 
and B indicate regions over which the 1.25 and 0.75 ksi slopes match the maximum 1.0 ksi 
slope, respectively. The 1.5 ksi plot shows a decidedly shallower slope above and below 
region C. The 1.0 ksi plot shows the highest slope for the largest change in strain. In 
contrast with the unbiased results (Figure 3.5), an optimized bias results in the same 
maximum slopes for all prestress levels. This comparison points out the importance of 
biasing the Terfenol-D to allow operation centered on the burst region. This supports the 
conclusion of Moffet et al. that it is the "bias condition", both mechanical prestress and 
magnetic bias, which should be considered for optimum performance (Moffett et al. 1991). 
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Other methods of choosing an "optimizing" magnetic bias have been proposed (Cross 
1997). However, differences in optimized magnetic bias results may be more sensitive to the 
transducer than the method used. One relatively quick and simple method utilized by 
piezoceramic transducer engineers is to pick the center of the linear region of the increasing 
H leg of the X-H major loop. A similar method was employed by Moffet et al. They report 
an optimized magnetic bias of 16 kA/m (200 Oe) for 7 MPa (1 ksi). Applying the center of 
the linear region method to Figure 3.17 results in a magnetic bias of very close to 415 Oe, 
which was determined from the balanced method described above. Therefore, while it is 
clearly important to define the method used to determine the bias condition, other factors in 
the optimization equation, such as magnetic circuit architecture, prestress assembly, internal 
mechanical impedance, and external load impedance, may also prove significant It may be 
possible to improve certain measures of transducer performance by optimizing the magnetic 
bias and prestress based on alternative criteria. 
Table 3. 3: Bias condition, prestress and magnetic )ias at four prestresses. 
Bias Condition 1 2 3 4 
Prestress 5.2 MPa 6.9 MPa 8.6 MPa 10.4 MPa 
(0.75 ksi) (1.0 ksi) (1.25 ksi) (1.5 ksi) 
Magnetic bias 24 kA/m 33.2 kA/m 38.4 kA/m 43.2 kA/m 
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Figure 3.18: Strain versus applied field for the four bias conditions, (0.75 ksi, 300 Oe), (1.0 
ksi, 415 Oe), (1.25 ksi, 480 Oe), (1.5 ksi, 540 Oe) centered around the DC magnetic bias and 
one half the total strain. A, B, and C indicate regions over which the 1.25,0.75, and 1.5 ksi 
slopes match the maximum 1.0 ksi slope, respectively. 
3.4.2 Prestress, magnetic bias, magnetic drive level, C.S. 2 
The effect of the bias condition at different drive levels was investigated by 
measuring the strain versus applied magnetic field at 0.7 Hz for a series of drive levels up to 
the magnetic bias with Transducer #2. Figure 3.19 shows nine minor loops with increasing 
AC drive level from top to bottom: 50, 100, and 200 Oe. The figures, from left to right, are 
at bias 1 (0.75 ksi, 300 Oe), bias 2 (1.0 ksi, 415 Oe), and bias 3 (1.25 ksi, 480 Oe), 
respectively. At each bias condition the slope of these minor loops increases with increasing 
drive. Comparison of a given drive level across bias conditions shows the nominal slope of 
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Figures 3.19: Strain vs. H at 0.7 Hz for prestress increasing from left to right: bias 1 (0.75 ksi 
3(X) Oe), bias 2 (1.0 ksi 415 Oe), and bias 3 (1.25 ksi 480 Oe), and AC drive level, increasing 
from top to bottom: 50, 100, and 200 Oe. 
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the quasi static loops decreases with increasing stress. For example, the slope of the 100 Oe 
loops (middle row) is seen to decrease slightly from 0.44 ue/Oe at 0.75 ksi to 0.43 H£/Oe at 
1.0 ksi and then more sharply to 0.24 ^le/Oe at 1.25 ksi. This is in contrast with the large 
drive quasi-static plots seen in Figure 3.5, which shows the same peak slope for all 
prestresses. These results lead us to the conclusion that the large field strain versus applied 
field plots, with or without magnetic bias, do not provide all the information needed to 
optimize performance of a transducer with prestress. 
3.4.3 Prestress, magnetic bias, magnetic drive level, and frequency, C.S. 2 
One means of ascertaining the effect of the bias condition and drive level on 
transducer performance is to analyze the input electrical impedance versus frequency. The 
theory behind this method of analysis will be explored in Chapter 6. Due to the transduction 
of energy from the mechanical to electrical state, the electrical impedance functions contain a 
wealth of knowledge on the mechanical performance and, therefore, quite namrally show the 
effect of different operating conditions. The electrical impedance function, defined as 
voltage across the drive coil over current impressed on the coil, is the sum of the blocked 
impedance and the mobility impedance. The blocked electrical impedance, meaning the 
impedance measured if the mechanical side was clamped, shows variation with magnetic 
drive level and bias condition. Considering again Transducer #2, bode plots of the total 
impedance versus frequency are shown in Figure 3.20a for bias 1 (0.75 ksi) at drive 25, 50, 
75, and 100 Oe, and in Figure 3.20b for a 100 Oe drive level for bias 1 to 4 (prestresses of 
0.75, 1.0, 1.25, and 1.5 ksi). As the magnetic drive level is increased, the slope of the 
blocked impedance increases; whereas as the prestress is increased, the slope decreases. The 
mobility impedance, seen as a peak and valley change from the blocked impedance, contains 
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Figure 3.20: Total electrical impedance versus frequency a) (left) for 0.75 ksi, 300 Oe bias, at 
four drive levels, 25, 50, 75, and 100 Oe, and b) (right) for 100 Oe drive at bias 1 to 4 (0.75, 
l.0,1.25, and 1.5 ksi). 
impedance. In general, the frequency of the peak in the impedance, often referred to as the 
resonance at constant applied field, decreases with increasing drive and increases with 
increasing prestress. 
3.4.4 Magnetic bias, magnetic drive level, and frequency C.S. 1 
Transducer #1 was used to investigate the interaction between AC amplitude (drive 
level) and the magnetic bias at five frequencies (1, 10, 100, 500, and 1.25 kHz) for a constant 
prestress (7 MPa). These results are presented in Appendix F. 
3.5 Dynamic material properties 
Impedance analysis provides us with a method of characterizing the performance of 
the transducer and magnetostrictive core under dynamic operating conditions. Data obtained 
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from swept sine measurements of Transducer #2 was reduced using the magnetostrictive 
constitutive equations (equations 1.18), transduction equations from Chapter 6, and a 
mechanical model of the transducer as described in detail in the references (Hall 1994; 
Calkins and Flatau 1996; Flatau 1996). The electrical impedance functions are used to 
determine the resonant, anti-resonant, and half power point frequencies. The acceleration per 
ampere frequency response functions are used to determine damping and average 
displacement per ampere in the dynamic region of operation. Young's modulus E^, 
magnetomechanical coupling kc^, permeability at constant stress /i''", dynamic strain 
coefficient q, and mechanical quality factor Q, can then be calculated using this data and 
readily measurable transducer and Terfenol-D rod parameters. For each bias condition, data 
was collected at four drive levels, 25, 50, 75, and 100 Oe. Figures 3.21 through 3.25 show 
these five properties versus prestress and versus drive level. Variations in prestress at each 
drive level from Table 3.1 should be kept in mind. However, since the maximum change in 
prestress is 7.0 percent or less in all cases, the data will not be shown with error bars. 
3.5.1 Magnetomechanical Coupling Factor 
The magnetomechanical coupling, defined as the ratio of the stored mechanical 
energy to the energy stored in the magnetic field, provides a measure of the transduction 
efficiency of the Terfenol-D core. In Figure 3.21a the coupling shows a gentle increase with 
prestress to a maximum value at a prestress of 1.25 ksi for all drive levels. At 10.5 MPa (1.5 
ksi) the coupling falls off rapidly. In Figure 3.21b the coupling increases as the drive level is 
increased for all prestresses. 
These effects can be explained by considering the influence of prestress and drive 
level on the available magnetic energy and output mechanical energy. The increase in 
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Figure 3.21: Magnetomechanical coupling versus (a) (left) bias condition and (b) (right) drive 
level. 
state of the material which leads to an increased magnetization capability. One aspect of the 
improvement in performance due to the initial magnetic state was seen in the quasi-static 
butterflies of Figure 3.5, where the output peaked at 0.75 to 1.0 ksi. Beyond the 1.25 ksi 
bias, the coupling decreases as the energy required to overcome the mechanical prestress 
increases and is no longer available for transduction. 
3.5,2 Young's modulus 
Young's modulus provides us with an important design parameter, the stiffness of the 
Terfenol-D material. In Figure 3.22a and b. Young's modulus measured at a constant applied 
field remains relatively constant around 15-20 GPa (2150-2900 ksi) for 25, 50, 75, and 100 
Oe drives at prestresses of 0.75, 1.0, and 1.25 ksi. At 1.5 ksi, Ey^ increases to around 30 
GPa (4355 ksi) for the 50, 75 and 100 Oe drive levels and doubles to 65 GPa (9433 ksi) for 
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Figures 3.22: Young's Modulus at constant applied magnetic field versus a) (left) bias 
condition and b) (right) drive level. 
overcome the prestress energy, thus resulting in little magnetostriction and a relatively stiff 
system. This is also suggested by the low magnetomechaiucal coupling in Figures 3.21a and 
b. Young's modulus decreases with increasing drive level, most noticeable in the 1.5 ksi 
data. This is in agreement with earlier published data which shows the AE effect increasing 
with drive level, hence a decreasing Young's Modulus with increasing drive level at low 
drive levels (Clark and Savage 1975; Dapino, Calkins et al. 1996). 
3.5.3 Permeability 
The permeability at a constant stress, measured from the three parameter method, is a gauge 
of the magnetic induction B generated in the Terfenol-D core when subjected to an applied 
magnetic field. Figure 3.23a shows different trends with increasing prestress between the 
lower (25 and 50 Oe) and upper (75 and 100 Oe) drive levels. The later decrease uniformly 
with increasing prestress, while the former appear to increase abruptly at a prestress of 1.5 
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Figure 3.23: Relative permeability at a constant stress versus a) (left) bias condition and b) 
(right) drive level. 
overcome, a given applied field will produce less magnetostriction. Thus, less of a given 
applied field goes into magnetization of the Terfenol-D core. The permeability versus drive 
level in Figure 3.23b shows a slight increase with increasing drive level for the lower three 
prestresses. This trend is in contrast with results at lower drive levels and masses previously 
reported (Dapino, Calkins et al. 1996; Ratau 1996), however die differences can be explained 
by the sensitivity of the permeability trends to operating conditions. The different trend 
exhibited by the 1.5 ksi data, which starts at very high values for 25 and 50 Oe, reaches a 
minimum at 75 Oe and then increases at 100 Oe, is attributed to the high prestress 
dominating the transduction process. 
3.5.4 Mechanical quality factor 
The mechanical quality factor is a measure of the transducer's overall system 
damping (inversely proportional to mechanical losses) and also provides a magnification 
factor for operation at resonance. Q is shown versus prestress and drive level in Figures 
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3.24a and b. In general, Terfenol-D transducers have high damping (they are low Q) relative 
to piezoceramic material transducers. Recall from the previous sections that the 25 Oe, 1.5 
ksi test shows the least transduction of all cases and appears the least energized. Here, the 
lowest drive level Q is relatively large, indicating less system damping below some nominal 
level of magnetostrictive transduction. Above that level, slow increases in damping occur 
with both increasing drive and prestress. Q measured dynamically does not reflect this 
increasing energy loss trend in all cases. Notably, the 25 Oe tests reflect a decrease in losses, 
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Figure 3.24: Mechanical quality factor versus a) (left) bias condition and b) (right) drive 
level. 
3.5.5 Dynamic strain coefiBcient 
The dynamic strain coefficient ^ is a measure of the strain produced for an AC 
magnetic field; it is the instantaneous slope of the strain versus applied field plot for 
harmonic operation. The dynamic strain coefficient, given here as one number, is an average 
of the strain per applied field from approximately 100 to 600 Hz. Therefore it is not the slope 
of the strain versus applied field plot at a particular operating frequency but a system 
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parameter for the operating conditions of the test (transducer load, temperature etc.) below 
resonance. Therefore, it may differ greatly from the strain per applied field (axial strain 
coefficient d) measured under quasi-static conditions. 
Figure 3.25a shows q versus bias condition. Similar to the coupling, q has a peak 
around 1.0 to 1.25 ksi and a noticeable decrease at 1.5 ksi. As with the coupling this results 
from the preferential magnetic state of the material introduced by the mechanical prestress. 
The distinct difference in q versus drive level at 1.5 ksi is also seen in Figure3.25b. Clearly 
additional prestress reduces the transduction, less of the input electrical energy is delivered to 
the load. The dynamic strain coefficient increases fairly linearly with increasing drive and 
the slope of this line, the change in q with H, is fairly constant for 0.75, 1.0, and 1.25 ksi. 
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Figure 3.25: Dynamic strain coefficient versus a) (left) prestress and b) (right) drive level. 
3.5.6 Material property trends and optimization 
Trends in the properties with prestress and drive level are indicated. A peak in 
coupling and dynamic strain coefficient with prestress is seen at 1.0 to 1.25 ksi. Young's 
Modulus shows a slight increase with increasing prestress, in particular beyond 1.25 ksi, and 
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a decrease with increasing drive level (a modulus defect similar to the AE effect). The 
material properties at a prestress of 1.5 ksi, particularly the 25 and 50 Oe drive levels, show 
distinct differences in trends for mechanical quality factor and permeability from the rest of 
the tests. These differences are attributed to insufficient energy input; too low of a drive 
level to overcome the mechanical prestress. This also results in an extremely low coupling 
and dynamic strain coefficient, and a higher Young's modulus and mechanical quality factor. 
Additional general trends were observed in the properties versus drive level. The dynamic 
strain coefficient and magnetomechanical coupling increased with increasing drive level, 
while the Young's modulus and mechanical quality factor decreased with increasing drive 
level. These trends can be summarized in another way: as the Terfenol-D is energized it 
appears less inert and more magnetostriction results, thus the coupling, strain coefficient, 
compliance, and damping increase. 
The peaks in coupling and dynamic strain coefficient indicate that it should be 
possible to optimize the transducer's performance with prestress. For the operating 
conditions used in these tests (120 gm load, 20-30° C, 7170 lbs/in prestress mechanism, drive 
levels 100 Oe and below), this broadband transducer can be operated with a peak 
magnetomechanical coupling of 0,2 to 0.3 at 1.25 ksi prestress, 480 Oe magnetic bias. The 
peak strain coefficient is more sensitive to drive level reaching a peak of 4.0 to 6.0 nm/A 
between bias 1 (1.0 ksi prestress, 415 Oe magnetic bias) and bias 2 (1.25 ksi, 480 Oe 
magnetic bias). 
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4. TERFENOL-D TRANSDUCERS MODELS 
This chapter describes some of the current methods available to model 
magnetostriction, Terfenol-D, and Terfenol-D transducers. The models are classified 
according to physical regime and scope. A brief, descriptive development along with 
references, assumptions, and limits of each model are included. The chapter begins with an 
overview of some of the salient points which influence the choice of a model for a given 
application. In addition, a comparative analysis of the models is provided at the end of the 
chapter. 
4.1 Choice of models 
In order to employ engineering design methodology to a Terfenol-D transducer 
system, an understanding of the physical processes is needed. This understanding, once 
quantified, will be a model which can be employed in a number of ways. Models allow the 
prediction of a transducer's performance, allow for the optimization of a transducer design 
for an application, and facilitate the understanding of the transducer performance. It is 
important to note that these three modeling results caxmot be separated from the application 
or purpose of the transducer. Thus, the application drives the choice of the model and 
motivates consideration of the required model scope. 
From the application engineer's perspective, the primary goal of modeling a Terfenol-
D transducer is to provide a means of predicting performance. For basic transducer 
applications, the input-output relationship is needed. For example, many applications 
employ the Terfenol-D transducer in a control system and thus require a reasonable model for 
the transducer plant under the conditions of operation. The resulting model can be as simple 
as the relationship between the input current (or voltage) and output force (or displacement). 
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In other applications a more detailed description of the transduction process is required, for 
example the magnetic state of the Terfenol-D core may be of interest 
The choice of a modeling technique depends on many factors of interest and is 
ultimately driven by the application- The type of model can be physically based, empirically 
determined, or a phenomenological combination of the two. The purpose for the model in 
relation to the application will determine the parameters or performance criteria of interest 
The required scope of the model need also be considered. The overall scope of the model 
determines the physical regimes which will be included, for example magnetic, mechanical, 
thermal, acoustic, and electric. The interaction or coupling between these regimes is often 
the most difficult aspect of the modeling process. The level of detail and effects of interest 
determine the required complexity and sophistication of the model. Finally, implementation 
of the model in the time or frequency domain and the solution method will have a bearing on 
the model choice. 
An important distinction between models is the modeling basis, which can be based 
on physical or empirical development Physically based models have the advantage of 
relying on intuitive development, which helps with design and facilitates extension of the 
model to new types of transducers or applications. However, the difficulties associated with 
accurately modeling the electrical, magnetic, and mechanical arenas of a transducer are 
considerable. Empirical models have the advantage that they are often easier to develop and 
implement However, empirical fits can be cumbersome to implement if the performance 
changes during operation. Phenomenological models which fit experimental data to 
physically based laws are perhaps the most practical to implement (One of the best known 
phenomenological models is Hookes law.) A majority of models will require some 
parameter identification and hence fall in this category. 
A variety of parameters can be used in the models, such as physically measurable 
quantities, internal or derived quantities, intrinsic material properties, or averaged bulk 
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quantities. A natural set of parameters are the input and output quantities, which can be 
measured directly, such as current or voltage in the excitation coil or output displacement. 
Alternative parameters include those which can be indirectly measured or calculated, such as 
the magnetization or flux density, and material properties such as permeability or Young's 
modulus. Finally, parameters unique to a given model may be used, for example Preisach 
operators or magnetic coupling coefficient. 
One of the key decisions which will greatly effect the success of the modeling effort 
is the scope of the model in terms of physical regimes. Some of the regimes to consider are 
magnetic (which describes the magnetization of the material), mechanical (which considers 
the elastic state of the material), thermal (the temperature distribution in the material), and 
electrical (which links the transducer to the power supply amplifier through the excitation 
coil). In many cases the complete electrical to mechanical process (and vice versa) is 
modeled. However, depending on the application, other physical regimes may be important 
as well. For example, thermal effects can become sufficiently significant to drive the design. 
Experimental evidence shows that it is crucial to consider the coupling between these 
regimes and modeling only one regime can have very limited utility for many applications. 
Therefore, models for the various regimes need to be coupled to provide a complete 
description of the transducer system. Examples of coupled regimes are electromagnetic (the 
generation and interaction of magnetic and electric fields), magnetoraechanical (the 
interaction between the magnetic and elastic state of the material), thermomagnetic (the 
interaction of the magnetization and thermal effects), and thermoelastic (the coupling 
between the elastic and thermal effects). In some cases these models are coupled in only one 
direction. This may be appropriate for some applications, but it necessarily limits the 
capability of the model. In the case of magnetomechanical models, two way coupling 
between the magnetic and elastic state is important in order to describe capabilities such as 
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sensing, passive damping, and the AE effect A full transducer system model and interactions 
with other systems is facilitated by considering coupling between the physical regimes. 
Electroacoustic transduction models provide a complete model between the electrical 
and mechanical (or acoustic) states by employing transduction coefficients to incorporate the 
relationship between the different regimes. In addition, models are available for 
electromagnetic or magnetomechanical regimes. To date, proper integration of these 
different regime models has proved difficult 
A clear distinction should be made between modeling the magnetostrictive core and 
modeling the entire transducer. The magnetomechanical model of the Terfenol-D is the heart 
of the transducer model. However, in order to obtain reasonable simulations it is essential 
that the effects of the transducer electrical, magnetic, and mechanical components be 
considered. More specifically the influence of the complete magnetic circuit, not just the 
magnetostrictive core, needs to be considered in the transducer electromagnetic model. 
Dynamic applications must take into account dynamic effects in all regimes. Examples of 
such dynamic effects in the mechanical and magnetomechanical regimes include the 
mechanical resonance of the Terfenol-D core and spurious resonances of other transducer 
components. For dynamic applications, the electromagnetic model must include eddy current 
effects in all flux linked components and the magnetic feedback via the Faraday-Lenz law to 
the electrical input As seen in Figure 2.7, the large change in magnetic flux in the Terfenol-
D core generates a significant voltage in the excitation solenoid. Finally, thermal effects can 
be considerable for dynamic operation due to ohmic heating, magnetomechanical hysteresis 
and eddy currents. 
The level of detail of the modeling method has a real impact on the usefulness of the 
model, ease of implementation, and appropriateness for a given application. This is 
particularly true for the magnetomechanical model. Modeling the magnetostrictive 
performance can be initiated at several levels (Torre and Vajda 1996): 1. atomic, 2. 
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micromagnetic, 3. domain, and 4. bulk. The first is primarily the regime of the quantum 
mechanic physicist and is in general on too small a scale to be useful for describing 
macroscopic devices. The second suffers from the problem that, although models describing 
the performance of bulk material are available, they are numerically cumbersome. The third 
is a logical level given that the domain provides a functional element by which to describe 
ferromagnetic material performance. Finally, a bulk description of the material allows the 
specifics that occur at the domain level to be averaged over an entire sample. This simplifies 
the number of parameters in the system and minimizes the calculation cost 
The required sophistication or complexity can also determine the choice of the model. 
The simplest magnetostrictive models assume linear transducer performance and neglect 
hysteresis losses (Butler 1988). The discussion in Chapter 1, 2, and 3 points out the 
nonlinear nature of Terfenol-D performance, in particular at higher drive levels where the 
output strain saturates, and hysteretic losses are large. For many applications a linear 
approximation is sufficient to adequately model the transducer performance. However this 
limits the range of performance and ignores the full capability, and potential of Terfenol-D. 
In order to take fuU advantage of the transducer's rich performance space as seen in Chapter 
3, a sophisticated model which incorporates the nonlinearities and sensitivities of 
performance to operating conditions is needed. In fact, these nonlinearities and operating 
condition sensitivities hold tremendous promise for Terfenol-D transducer design and 
utilization, assuming the performance is adequately modeled. For example, the ability to 
modify the performance of the material, such as tune the resonant frequency (see Chapter 3), 
provides a unique design opportunity which tremendously increases the capability and utility 
of the material. 
The success of a given model is dependent on the choice of model parameters or 
coefficients. In many models, the parameters are identified as material properties, such as 
Young's modulus, permeability, and raagnetomechanical coefficient The model parameters 
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can be assumed constant with respect to operating conditions, time, or frequency of 
excitation. This simplifies the model considerably, however it limits the ability of the model 
to accurately simulate a range of operating conditions. As discussed in Chapter 1, the 
material properties are very complicated functions of operating conditions. This implies that 
a robust model will need to include functional forms (i.e. models) of the coefficients with 
operating conditions. A further complication of the models comes from allowing the 
coefficients to be complex quantities. The parameters can then account for losses, for 
example a complex permeability can be used to accounts for the eddy current losses (Stoll 
1974; Butler 1988). 
Models can be developed in the frequency domain, time domain, or both. Both 
methods are helpful for design and simulation, as well as control applications. Modeling in 
the frequency domain is quite common for transducers. In particular, the influence of 
frequency dependent effects, such as mechanical resonance and eddy currents, can be integral 
to optimized transducer design. A more operational view of the transducer performance, in 
particular for transient input and output, is given by time domain analysis. 
When models are applied to a given transducer application, the result is an equation 
or set of equations. These equations must be solved for the parameters of interest to describe 
the system performance. Therefore, the solution method should be determined in conjunction 
with the model choice. The choice of the solution will depend on the application 
requirements for accuracy, speed, computational cost, and desired output 
Analytical solutions are available for most models in only a limited number of cases. 
In some cases, solutions are possible based on other representations such as equivalent 
circuits. For other applications, solution are best carried out numerically. 
Finite difference and finite element methods are common numerical solutions for sets 
of equations, including differential equations. Commercial finite element packages are of 
interest because they save on development cost. Packages specifically designed for 
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magnetostrictives are available, (e.g., the most widely used is AULA from Magsoft, 
associated with the French company Cedrat). ATILA has been used successfully for 
modeling a variety of Terfenol-D transducers by Claeyssen and collaborators (Claeyssen 
1989; Claeyssen, Bossut et al. 1990; Claeyssen and Boucher 1991; Claeyssen, Lhermet et al. 
1996). In addition, many packages support "smart" coupled elements, such as piezomagnetic 
elements, which can be implemented for modeling the Terfenol-D core. Examples of such 
commercial codes are ANSYS and PZFLEX. Most of these packages are designed for 
specific cases and have significant limitations. Therefore, their applicability should be 
critically evaluated. 
An additional distinction between some transducer models can be made based on the 
model parameters. Two types of models are available: 1) lumped parameter models, and 2) 
distributed parameter models (Claeyssen, Bossut et al. 1990). Both types of models are often 
restricted to one dimensional cases where numerical solutions or, in specific cases, analytical 
solutions can be obtained. The lumped parameter model, because of its simplicity, lends 
itself to analytical solutions. Often, analogies with electrical circuits are emphasized, 
allowing the system to be represented by an equivalent circuit with known solutions. This 
sort of formulation is especially helpful in developing a physical understanding of the system 
and influence of the parameters and components for design work. Distributed parameter 
models, such as the plane wave model, provide more accurate solutions but require more 
complicated formulation, such as numerical computation, finite element analysis, or the 
transfer matrix method (Claeyssen, Bossut et al. 1990). 
4.2 Modeling methods 
A brief overview of some of the available models is presented in this section. For the 
convenience of this discussion, the models are organized first in a general manner based on 
the regimes they cover and second by their scope. The modeling regimes are 
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electromagnetic, magnetic, magnetomechanical, and electromechanical. Thermal models are 
not considered explicitly although several models incorporate thermal effects and interactions 
(Mason 1942; Roberts, Mitrovic et al. 1995; Duenas, Hsu et al. 1996). The models 
discussed in this chapter are listed in Table 4.1. All models are considered based on the latest 
available public sources, which are referenced for each model. 








Plane Wave Model (PWM) 
Electoacoustics 










Magnetization rotation model 
2-D 
3-D 
Sablik-Jiles energy model 
Micromagnetics 
4.2.1 Electromagnetic models 
Electromagnetic models based on Maxwell's equations and the magnetization of 
materials (equation 1.3) have been implemented in a variety of forms. In the simplest cases, 
the magnetic analogy to Ohms law can be solved analytically. More complicated problems. 
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including eddy current effects, can be solved with numerical methods (Sykulski 1995). 
Pertinent electromagnetic model equations are summarized below. 
H = ncr 
(4.1 a, b, c) 
f^ = Xe^l 
4.2.2 Magnetic models 
A variety of models which describe the magnetization of a magnetic material have 
been developed, including many which include hysteretic effects (Hauser 1994; Agayan 
1996; Basso and Bertotti 1996). Those models which describe the magnetic hysteresis are of 
particular interest for Terfenol-D. Preisach models, which will be considered in Section 
4.2.3.2, have also been applied to magnetic hysteresis modeling. 
4.22.1 Jiles-Atherton model of ferromagnetic hysteresis 
The Jiles-Atherton model of ferromagnetic hysteresis, has been used to describe 
magnetic hysteresis in many materials, including Terfenol-D (Sablik and Jiles 1993). As the 
ferromagnetic material is excited magnetically by an external applied field H, the 
anhysteretic magnetization Man, defined as the theoretical magnetization if there were no 
losses, is determined from an appropriate formulation. In the case of many soft 
ferromagnetic materials, the Langevin equation provides proper form, where 
(4.2) 
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This equation requires an effective applied magnetic field Hg, saturation magnetization Afj, 
and parameter a. Here He is the sum of the external applied field long range magnetic 
coupling oM, and terms to account for other energies, such as mechanical stress. 
The model treats the ferromagnetic material thermodynamically as an assembly of 
pseudo-domains with an average magnetic moment. The hysteretic magnetization of a 
ferromagnetic material is determined by considering the action of domain walls. Two 
domain wall processes are possible: domain wall translation and domain wall bowing. In a 
material free of defects, domain wall translation would be reversible. However if defects are 
present, the energy of the domain wall can be reduced due to connections with pinning sites. 
The process of connecting to and separating from pinning sites leads to energy loss. This 
irreversible process is the basis for the characteristic hysteresis seen during magnetization. 
The irreversible magnetization Min can be found by considering a friction-like force that 
impedes domain wall motion and is proportional to the averaged energy of the pinning sites 
k. The difference between the input magnetic energy and the prevailing magnetic energy is 
the energy lost due to the pinning process. The irreversible magnetization can be written as 
where 8, which is ± 1, ensures that the pinning process always impedes magnetization, and 
Hff is the mechanical contribution to the effective field. The reversible magnetization, Mrev-, 
results from domain wall bowing and tends to reduce the difference between the 
magnetization and the anhysteretic magnetization. Mrev is proportional to the difference 
between the anhysteretic and irreversible magnetizations with a constant of proportionality c. 
trr ^ 
(4.3) 
Mrev — c(Man ' Mirr). (4.4) 
135 
These magnetization processes occur simultaneously and together determine the magnetic 
state of the material at any given time. The total magnetization M is the sum of the 
irreversible and the reversible components, 
M — Mirr + Mfgy/. (4-.5) 
The model can be extended to take into account asymmetric minor loops and the 
effect of eddy currents. Minor loops can be modeled by enforcing closure of the 
magnetization curve. A weighting function or volume fraction is computed and applied to 
the magnetization during the minor loop. Additional energy loss terms can be incorporated 
to account for the effect of eddy currents induced during dynamic operation. 
One of the strengths of the model is the physical basis for the model parameters, 
which can be measured and/or calculated from experimental data (Jiles, Thoelke et al. 1992). 
Only five physically based parameters, a, k, a, c, and Afj are required to completely describe 
the magnetic state of the material. Extensions from magnetic hysteresis to magnetostrictive 
hysteresis is possible using several models described below. 
4.23 Magnetomechanical models 
The magnetomechanical models form the basis for any model of Terfenol-D 
transducer performance and are crucial for accurate simulations and predictions. The 
magnetomechanical models discussed here include the quadratic law, Sablik-Jiles effective 
field model, elastomagnetic linear, nonlinear, coupled, and hyperbolic models, 2-D and 3-D 
magnetization rotation models, Sablik-Jiles energy model, and micromagnetic models. Any 
of these magnetomechanical models could be coupled with an electromagnetic model, such 
as equations 4.1, to provide an electromechanical description of the transducer. The 
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elastomagnetic model is the only model discussed in this section which directly includes 
thermal effects. 
4.2.3.1 Quadratic law model 
In Chapter 1, the magnetostriction A was shown to be an even function of the 
magnetization M for isotropic material where the magnetization process was due to domain 
magnetization rotation. This relationship from equation 1.17 is given again 
A = 3/2>aj(Af/M^)2 (4.6) 
4.2.3.2 Sablik-Jiles effective field model of magnetostrictive hysteresis 
Sablik and Jiles have employed a magnetomechanical model based on a form for the 
magnetostriction related to the effective field rather than M (Sablik and JUes 1988). This 
model, which is applicable to Terfenol-D, is based on earlier work which successfully 
described the magnetostriction of rare-earth metals, garnets, and intermetallics (Callen and 
Callen 1965). The magnetostriction A is given as 
k=Xj,^(H,/a), (4.1) 
where the samration magnetostriction is denoted by Ay. The term is the hyperbolic 
Bessel function of effective field He and domain density factor a. The effective field can 
include a term due to the domain magnetic coupling and mechanical prestress. The model 
successfully produces hysteresis in X-M and A-B, where M and B are determined from other 
models such as the Jiles-Atherton model. Section 4.2.2. However, the model does not 
account for the manner in which the X-H plot is traversed. Simulations using equation 4.7 
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with sufficient prestress result in k-H plots which resemble experimental data for prestressed 
Terfenol-D (Sablik and Jiles 1988). 
4.2.3.3 Elastomagnetic model 
The theory of magnetoelasticity, or elastomagnetics, originated with the work of 
Kirchoff and Thompson in the 1880s. In this phenomenological approach, a macroscopic, 
thermodynamical description is given of continuous medium ferromagnets. The goal is to 
determine the relationship between the thermal, elastic, and magnetic variables. Under a 
given stress, applied magnetic field, and temperature, the generalized Gibbs function for the 
thermodynamical potential per unit volume can be used to find the equilibrium conditions 
and to determine the coefficients that characterize the system's equations of state. These are 
the elastic compliance, magnetic permeability, thermal expansion coefficient, specific heat 
coefficient, pyromagnetic coefficient, and piezomagnetic coefficient For small oscillations 
(small changes in H, and T) around static equilibrium values, such as the magnetic bias 
field, these are piezomagnetic coefficients (Mason 1942), analogous to the piezoelectric 
coefficients (IEEE 1990). The following piezomagnetic equations are then applicable for 
some magnetically biased applications: 
= (f L-® "SI/""(iL'^° 
with strain e, stress a. Young's modulus at constant applied magnetic field strength Ey , 
linear coupling coefficients d and d*, magnetic permeability at a constant stress and 
magnetothermal coefficient P, the coefficient of thermal expansion UT, applied magnetic 
field strength H, and magnetic flux density B within the Terfenol-D. 
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For isothermal (constant temperature) operation this yields the equations 
As = s^Aa+dAH AB = d*A<j+^i°AM (4.9a, b) 
Aa = E"Ae^e AH AB = eA£+n^AH (4.10a, b) 
Ae = s^A(T+g'AB AH = -gA(T+v'^AB (4.11a, b) 
Acr = E^Ae-h'AB AH = -hAe + v^AB. (4.12a, b) 
where A implies small linear oscillations around the equilibrium condition (Berlincourt, 
Curran et al. 1964; Lacheisserie 1993). 
Note that the coefficients, for example d, d*, and /z®" in equations 4.9 a and b, are 
actually tensors. The reladonships between these coefficients is given in die references (Katz 
1959) and a three dimensional description of the material's performance requires the 
determination of the tensor components. Claeyssen et al. have described experimental 
procedures for measuring the magnetoelastic constants described above (Claeyssen 1989; 
Claeyssen, Bossut et al. 1990). Note that the terms in these magnetoelastic tensors can be 
complex to take into account losses (Claeyssen, Bossut et al. 1990). 
The full matrix form of the thermodynamic equations of state shown in equations 4.9 
to 4.12 can be reduced to a simple coupled set of equations if only one dimension is 
considered. In this case, the off-axis terms and interactions are ignored and the equations are 
those given in Chapter 1 (equation 1.18a and b), 
e=(^/E/+dH (4.13a) 
B = d*G+^<^H. (4.13b) 
Several assumptions are built into this magnetosuictive model. Linear operation of 
the transducer is assumed. Although the magnetostrictive effect is nonlinear, for low signal 
139 
level, less than one-third the maximum strain capability, these linear equations of 
magnetostriction provide an acceptable model (Hall 1994). The strain, stress, field H, and 
flux B are assumed constant along the length of the sample. In addition, if the 
magnetostriction process is approximately reversible, thermodynamic arguments (Bozorth 





= d (4.14) 
where H is held constant for the first derivative and a is held constant for the second. This 
simplifies equations 4.13a and b to only one strain coefficient d. Although X-H exhibits 
hysteresis, as seen in Figure 1.13 and the magnetomechanical process is therefore 
nonconservative, equation 4.13 provides a starting point for transducer performance analysis. 
Under isothermal conditions, the magnetomechanical coupling of a magnetostrictive 
material can be modeled by these low-signal, linear equations (equation 4.13a and b). These 
equations, also known as the magnetostrictive constimtive equations, are the most common 
model found in magnetostrictive literature. They derive their utility, in part, from the fact 
that they provide a simple linear coupling between the magnetic and mechanical states. In 
addition, while the utility of these simplified models is Limited, they can help conceptualize 
the magnetic-mechanical interactions. Finally, for many engineering applications the models 
provide adequate simulations of a transducer's response. This model provided excellent 
results for the sensing capability of a Tonpilz Terfenol-D transducer, see Appendix D. 
The use of equations 4.8 to 4.13 for modeling requires an accurate knowledge of the 
coefficient terras. These coefficients, such as Young's modulus, permeability, and axial 
magnetostrictive coefficient in equations 4.13a and b, are often referred to as material 
properties. As discussed in Chapter 1, these material properties are very complicated 
functions of operating conditions. This implies that a robust model will need to include 
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functional forms (i.e. models) of the coefficient's dependence on operating conditions. A 
further complication of the equations arise if the coefficients are taken to be complex 
quantities in order to account for losses. For example, a complex permeability can accounts 
for eddy current losses. To avoid these complications, these coefficients are often taken as 
constant Although this simplifies the modeling tremendously, this limits the ability of the 
model to simulate a range of operating conditions. 
4.2.3.4 Nonlinear elastomagnetic models 
The modeling of nonlinear material performance can be accomplished through 
inclusion of higher order terms for the mechanical prestress, applied magnetic field, and 
temperature, as well as coupling between these terms. Constitutive equations which include 
these terms as higher order effects have been studied. Three of the nonlinear models will be 
discussed in this section with the goal of identifying interesting and successful modeling 
features. 
Nonlinear equations applicable to Terfenol-D transducers have been developed by 
Sherman and Butler (Sherman and Butler 1995). Lumped parameters are assumed in the 
development, with the understanding that more complex devices can be modeled by 
combining elements. The nonlinear equations are developed by expanding the stress and 
magnetic flux in terms of strain and applied magnetic field for higher order longitudinal 
components. The higher order terms describe the nonlinearities of the material itself and 
other components of the transducer system. For constant temperature, the general equations 
of state, truncated at the fourth order terms, arc 
a-CiE- e^H+C2£^ - 2ca£H - + c-^e^ - 2ci,e^H - 3Cf.eH^ 
, . , , , ^ 4 (4.15a,b) 
- e-iH^ + - Acae^H -
B = ei£+ HiH + + le^eH+ iiiH^ +  +  3cc£^H + 3e^eH^ 
+ + 6 c f e ^ H ^  +  A e ^ e l P  +  
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The e/, Cj, and /ij terms are coefficients. For unbiased operation the stress and strain are even 
functions of H, which implies that the coefficients of H and (ej, Ca, cb, ej, cd, and cj) are 
zero. Hysteresis is not considered in equations 4.15a and b, although equations applicable to 
low amplitude biased operation were developed (Sherman and Butler 1995). Sherman and 
Buder solve the equations with an approximate perturbation method and discuss the use of 
this method for the analysis, prediction, and control of harmonics. 
Nonlinear equations which focus on the higher order interactions of stress, magnetic 
field, and temperature have been developed (Roberts, Mitrovic et al. 1995). The constitutive 
equation are 
^ki ~ ^ij^iju 
^ij^n^klnm \ ^ ij^kl^n^ijklnm' (4.16a,b) 
In these equations, variables e and B are the dependent on parameters of (T, H, and AT. The 
coefficients are permeability ^ magnetostrictive parameter relating strain and magnetization 
dklnm-, pyromagnetic parameter relating temperature and magnetization Pm, elastic 
compliance Sijkiim> and the coefficient of thermal expansion ockimn- Superscripts indicate the 
constant physical condition under which the parameter is measured. Subscripts indicate the 
order of the tensor, following conventional tensor notation (Lai, Rubin et al. 1978), 
Roberts et al. used a one dimensional, piezomagnetic (biased) version of these 
equations to develop the coefficients in terras of linear coefficients (such as those from 
equation 4.12) (Roberts, Mitrovic et al. 1995). Equations 4.15, along with the wave equation. 
Maxwell's equations, and appropriate boundary conditions, were then solved numerically. 
Modeling results are in good agreement with experimental data (Roberts, Mitrovic et al. 
1995). 
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Another model has been developed based on the nonlinear description of 
electrostrictives. A model of electrostriction by Horn and Shankar considers the polarization 
rather than the electric field as the state variable of interest for modeling (Horn and Shanker 
1994). The polarization then appears in the constitutive equations and various functional 
forms which are seen experimentally can be employed to give better simulations of material 
performance. A quadratic relationship between the polarization and strain, analogous to the 
magnetization-strain relationship of magnetostriction, is assumed. 
Following the lead of Hom and Shankar, Duenas, Hsu, and Carmen developed an 
analogous set of constitutive equations for magnetostriction. The equations shown below are 
given with the same variables as in the published papers (Roberts, Mitrovic et al. 1995; 
Duenas, Hsu et al. 1996) 
T fik = -2G|/ifc/Afi(Ty +^arctanh Ml+Pfiir (4.17a,b) 
The parameters in this model, which were not seen in other nonlinear models, are saturation 
magnetization Ms and magnetostrictive parameter Qiju. Superscripts and subscripts follow 
the conventions discussed after equation 4.16. If the temperature effect is neglected, this 
equation is considerably different from the piezomagnetic equations 4.11. The most obvious 
difference is the dependence of H on the hyperbolic arctan functional of normalized 
magnetization. In addition, strain is dependent on the square of M (as seen in equation 4.6) 
rather than B. 
This model successfully captures the quadratic nature of magnetostriction for low to 
medium field levels, but does not completely describe the saturation at high fields (Duenas, 
Hsu et al. 1996). In addition, the magnetostrictive hysteresis characteristic of the strain 
versus applied field relations can be modeled with complex parameters. This is currently a 
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quasi-static model, however, Hom et al. have extending their model of electrostriction to 
include dynamic performance. A similar extension into the dynamic realm should be 
possible for magnetostrictive transducers. 
Numerous solution methods to the equations discussed in this section are available. 
As mentioned in the background, these equations can be solved in various manners. A 
variety of finite element solutions based on linear or nonlinear magnetostrictive constitutive 
equations such as equations 4.13 can be found in the references (Kannan and Dasgupta ; 
Delince, Genon et al. 1991; Butler, Moffett et al. 1994; Cedell 1995). In addition 
commercial finite element packages specifically designed for magnetostricdves are available. 
For example, ATILA, which solves equations similar to 4.10a and b, has been used 
successfully for modeling a variety of Terfenol-D transducers (Claeyssen 1989; Claeyssen, 
Bossut et al. 1990; Claeyssen and Boucher 1991; Claeyssen, Lhermet et al. 1996). 
4.2.3.5 2-D anisotropic magnetization rotation model 
A group of models have been developed based on domain magnetization rotation. 
These models assume the material is composed of discrete non-interacting single domain 
particles. These domains, which are assumed to be prolate spheroids, are distinct from the 
general material matrix, which is less strongly ferromagnetic. The application of a magnetic 
field or mechanical stress rotates the domain magnetization vector. The model calculates the 
resultant change in bulk magnetization and magnetostriction. The first such model was a two 
dimensional model of domain magnetization rotation of anisotropic ferromagnetic materials, 
developed by Stoner and Wohlfarth (Stoner and Wohlfarth 1948). This model successfully 
estimated the coercivity and magnetization of non-ferromagnetic metals and alloys 
containing ferromagnetic impurities, powder magnets, and high coercive alloys. 
The Stoner-Wohlfarth model was used to describe magnetostriction of giant 
magnetostrictive materials by Clark et al. (Clark, Savage et al. 1984) and Atherton (Atherton 
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1988). The former model describes the magnetization due to rotation of the domain 
magnetization vector for single crystal Tbo.27Dyo.73Fe2.0- The magnetization rotation is 
restricted to the (110) plane, with stress and magnetic field applied along the [111] axis. The 
total energy, which is a sum of the applied magnetic field and anisotropy of the domain 
particles is given in equation 1.26. Minimizing the energy with respect to direction allows 
the magnetization to be computed. The orientation of the magnetization vector follows the 
direction of minimum energy and the magnetostriction is found from the magnetization using 
the quadratic law given by equation 4.6. 
4.2.3.6 3-D anisotropic rotation model 
A three-dimensional anisotropic rotation model of giant magnetostrictive material 
was developed by Jiles and Thoelke (Thoekle and Jiles 1992; Thoelke 1993; Jiles and 
Thoelke 1994). The material was assumed to be composed of non-interacting domains. Both 
reversible and irreversible domain magnetization rotation were allowed, although domain 
wall motion was not considered. The model removes the planar limitation of the two 
dimensional models, allowing the domain magnetization vector, applied stress, and applied 
magnetic field to move in three dimensions. This allows the model to more realistically 
simulate the behavior of anisotropic materials. 
The development of the model is similar to the two dimensional models. The total 
energy of the material, given in equation 1.26, is the sum of the crystal anisotropy and the 
externally applied magnetic field, which couples with the domain magnetization. The effect 
of mechanical stress could be incorporated as an additional anisotropy energy term. The 
energy is minimized with respect to direction using the Newton-Raphson iteration method in 
three dimensions. The magnetization vector, of constant magnitude Ms, follows the 
minimum energy direction. The bulk change in magnetization in the direction of interest 
could then be computed from 
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8 
AM = ^ MJcosQf -cosQi)Pi, 
1=1 
(4.18) 
where Qi and X^are the initial and final angles between Ms and H, respectively. The Pi are 
occupational densities of the eight <111> directions given by the ratio of the domain volume 
to the bulk volume. The magnetostriction is calculated from the change in the saturation 







+3A.m^(cos0f j cos0f j+i - cosOj j cos0i j+i)cos(Pj cos(pj+i 
i=l 
. (4.19) 
with angle 6 between the magnetization and crystallographic axes, and angle (p between the 
applied field and crystallographic axes. For Terfenol-D, the coefficients are Xioo ~ 50 and 
A//; = 1640. 
This model was the first to show that mechanical stress increases the density of 
occupation of <111> axis perpendicular to the direction of the applied stress. The critical 
field strengths necessary to overcome the magnelocrystalline anisotropy calculated by the 
model are in agreement with experimental values (Jiles and Thoeike 1994). 
4.2.3.7 Sablik-Jiles energy model 
The Sablik-Jiles energy model was developed to incorporate magnetostrictive 
hysteretic effects in the Jiles-Atherton model of ferromagnetic hysteresis. It successfully 
models aspects of magnetostrictive hysteresis not addressed by earlier models such as the 
quadratic law (Section 4.2.3.1). Hysteresis is included in the strain-magnetization 
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relationship as seen in experimental data in Chapter 3. In addition, the model correctly 
traverses the strain-magnetization plot and accounts for the residual magnetostriction seen 
after initial magnetization. 
The Sablik-Jiles model is based on the classical energy description of deformable, 
magnetizable material. As seen in Chapter 1, the internal energy density of a deformable 
ferromagnet can be written as the sum of the elastic energy density EeU the magnetoelastic 
energy density Eme, the magnetocrystalline energy density EQ (equation 1.21) and the 
magnetic energy density Em (equation 1.6). The simplest example of a cubic crystal is 
assumed. The components of the strain tensor can be expressed as the change in length over 
undeformed length times the direction cosines of the magnetization or ^ = e,.ya,.ay. 
Traditional subscript notation indicating tensor order is used and the x, y, and z correspond to 
the principle directions of the crystal similar to the directions in Figure 1.9. 
The elastic energy density is given in terms of strains as 
where <Tis the stress applied axially (in the z direction). The cas are elastic constants which 
are constrained by C44 - {en - for isotropic material. The magnetoelastic energy is 
given in terras of the isotropic magnetoelastic coupling constant h 
Eel = 4^ +TC44r£^ + 4 + ej; - e^c (4.20) 
(4.21) 
The total magnetic energy density is 
<l>mag = - Ho OCliMan - + {H2)^ a2{Man - A/)^ - (4.21) 
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The first term is the internal energy density, due to magnetic moment coupling, as discussed 
in Chapter 1. The second term accounts for strain-magnetization hysteresis. The third term 
accounts for "lift-off in A-ff and A-Af, the residual magnetostriction (after the initial 
magnetization) at zero field. 
The total energy, the sum of equations 1.6, 1.21, 4.20, 4.21 and 4.22, is minimized 
with respect to the principle directions (x, y, and z). After defining the poisson ratio v, and 
Young's modulus EY, in terms of elastic coefficients, the strain in the axial direction (z) is 
found. The magnetostriction can then be determined from the definition of the saturation 
| A  =  e C A f J w h e r e  
state. The magnetostriction is 
strain and magnetostrain as \X e(M)-e%gy wher  is the strain in the demagnetized 
Ey  
(4.23) 
with 0 = 1+ development a is no longer an independent parameter but 
can be shown to be a transcendental function of By, and A/j. It is important to note that M 
and in this equation are vector quantities. 
This model successfully describes the quasi-static magnetostriction once the 
magnetization is determined. This model is capable of producing a broad range of strain-
magnetization plots which can be used to simulate many ferromagnetic materials under a 
range of mechanical stress conditions. It successfully incorporates strain-magnetization 
hysteresis and provides correct traversal of the strain-magnetization loop. However, the 
model does not take into account dynamic elastic response and Young's modulus must be 
kept constant The model is reported to be capable of producing X-H and A-M plots similar to 
those seen experimentally for Terfenol-D (Sablik and Jiles 1993). 
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4.2.3.8 Micromagnetic model 
Another modeling approach is to consider the magnetostrictive material as a 
continuum. In the simplest case, the energy of the magnetostrictive is considered to be the 
sum of the energy associated with an inelastic, magnetizable body, an elastic nonmagnetic 
body, and an interaction energy term. This total system energy can be minimized and a 
solution for the magnetic and elastic states determined. Domains are not explicitly specified 
but develop naturally from the energy minimization which creates domain walls between 
regions with aligned magnetization vectors. While this method accurately describes many 
aspects of magnetostrictive behavior it fails in some significant ways. For example, the form 
effect, the dependence of the strain on the shape of the specimen, cannot be fully explained. 
Since the 1960s, Brown and others have developed a more complete, fully coupled 
model of magnetoelastic behavior (Brown 1963; Brown 1966; Tiersten 1990; Clark, Restorff 
et al. 1993). Brown provides an excellent description of micromagnetics in his book 
Micromagnetics (Brown 1963) and develops a continuum model of magnetostriction in 
Magnetoelastic Interactions (Brown 1966). This development assumes a body that is 
simultaneously magnetizable and deformable and describes its energy state based on 
conventional elasticity (small displacement theory), thermodynamics, and electromagnetism. 
Although this work was developed before the discovery of rare-earth giant magnetostrictive 
materials, its generality makes it applicable to current materials such as Terfenol-D. 
Current work in the field has produced models of Terfenol-D. This includes a model 
of twinned Terfenol-D iTbo.3Dyo.7Fe2.o), which uses a phenomenological energy functional 
for giant magnetostrictive materials, developed by James et al. (James and Kinderlehrer 
1993). The intent of the approach is to determine potential energy wells of the anisotropic 
energy. This can be derived from lattice considerations of the classical Bravais pair (lattice 
vectors and magnetic dipole). Sequences of mechanical deformations and magnetizations are 
calculated to find the minimum energy. While large numbers of potential sequences are 
149 
found, physically real solutions for growth-twin Terfenol-D are targeted. Standard 
continuum mechanics methods are applied to obtain the anisotropy energy defined on a 
domain. The total energy of the magnetoelastic configuration is minimized over space and 
the bulk magnetization and strain field of the material can be computed. Jumps between 
energy wells are related to the discontinuous changes in strain exhibited for certain Terfenol-
D stoichiometries (the burst effect from Chapter 1). 
The James-Kinderlehrer model claims a signiticant success in that the fine domain 
details observed experimentally for Terfenol-D can be simulated. Two important conclusions 
have been drawn from their simulations. First, performance of bulk material can be 
improved by reducing growth-twin boundary waviness. Second, the growth-twin structure 
coincides with lamellar microstructure which yields strain near the theoretical limit. 
Therefore, minimal benefits will be derived for the perfonnance of bulk samples by removing 
the growth twin structure. Despite the successes at the domain level, extending the model to 
describe the performance of a Terfenol-D transducer is computationally intensive. 
4.2.4 Electromechanical models 
The most general models applicable to magnetostrictive transducers are those which 
relate the electrical input to the mechanical output. Three primary electromechanical models 
are available, the plane wave model, the Bergqvist-Engdahl model, and the electroacoustic 
model. The first two actually combine several models between different regimes to describe 
the electromechanical relationship. Both the Jiles-Atherton model of ferromagnetic 
hysteresis and Preisach models can be used across several physical regimes. The Jiles-
Atherton model is primarily a magnetic model but can also be magnetomechanical or 
electromechanical (see Chapter 5). Preisach modeling is the most general model presented 
here and it can be employed between any regimes for which an empirical relationship is 
determined. 
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4.2.4.1 Plane wave model 
The basis for the plane wave model is the continuum view of the material. An elastic 
wave traveling through the material can then be described by the wave equation. For a 
longitudinal wave in one dimension the wave equation is 
<? w ... 
with displacement u, density p, and position z along the axis of the material. The equation of 
state which describe the magnetomechanical relationship, such as equations 4.13, can be 
solved in conjunction with the wave equation with appropriate boundary conditions. The 
result is an equation for the velocity or force on the ends the magnetostrictive sample and the 
transducer electrical impedance. These equations are commonly expressed as equivalent 
circuits (Katz 1959). This model provides a very intuitive description of the transducer by 
incorporating physically measurable quantities. 
The plane wave model developed by Greenough and collaborators has been used in 
two manners, first to simulate and predict performance of magnetostrictive material and 
devices, and second to characterize magnetostrictive material (Pulvirenti, Jiles et al. 1996; 
Greenough 1995; Greenough, Prajapati et al. 1996; Pulvirenti 1996). An example of the 
former use is developed for free-free mechanical boundary conditions (Reed 1994). In this 
case, the magnetomechanical equations of state are given by 
(y=-^-h*B H = -h£+-^B, (4.25a, b) 
s /z^ 
where the coefficients can be considered complex to account for losses. Reed (Reed 1994) 
shows that the velocity of the two ends of the magnetostrictive sample vj and V2 are 
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jhli H V2 = / ^ ,2 = -vi (4.26) 1 ^CC 
tan(]U/k} }U/k^ 
and the total electrical impedance is 
Zee = R +iaiLo +jfuLft + G(y2-vi)/L (4.27) 
The parameter H is the spatially averaged applied magnetic field, £ is the raagnetostrictive 
sample length, kcc^ is the coupling coefficient, and Xw is the wavelength of the plane wave, R 
is the excitation coil resistance, Lq is the leakage inductance. Lb is the clamped inductance, G 
is the magnetomechanical transformer ratio, and I is the excitation current Examples of the 
successful utilization of this model for simulating transducer performance can be found in the 
references given above. 
4.2.4.2 Preisach model 
Preisach models provide an empirical estimation of the relationship between variables 
and are commonly employed to describe many hysteretic processes, including 
magnetostriction. The field of Preisach modeling is large and continues to grow, with 
various aspects covered in numerous books and articles. Models specifically targeting giant 
raagnetostrictive materials are included in the references (Restorff, Savage et al. 1990; Adly, 
Mayergoyz et al. 1991; Mayergoyz 1991; Kvamsjo and Bergqvist 1992; Adly and 
Mayergoyz 1996; Smith 1997). 
The intent of the Preisach model is to empirically fit the input Up and output^ of 
experimental data, independent of the nature of the physical process. This generality is an 
advantage in that the model provides direct characterization of the input-output relationship 
of even the most complicated process regardless of the underlying mechanism. However, it 
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is simultaneously a disadvantage because the model fails to provide any insights into the 
physical process. 
Preisach models utilize Preisach or Kransoselkii-Pokrovskii operators, which are 
superimposed to fit the experimental data. The classical Preisach model employs elements or 
kernels yap which switch value under predetermined conditions. As the input increases, an 
unbiased element switches from -1 to +1 when an input value of ap is reached, similarly the 
element switches back from +1 to -1 for decreasing input at a value pp. A continuous 
distribution of elements can be assembled with various shifted values of ap and Pp as long as 
ap> Pp 'mdSl cases. 
A weighting function fip(<Xp,Pp) is applied to each element during the summing 
process, which can be presented as 
The weighting function contains the information between the variables of interest The shape 
of the curve relating the variables is therefore determined. For example, strain versus 
magnetization could be described by equation 4.28. 
This development has been extended to include two input variables Up and Vp, which 
correspond to magnetization and stress, and one output variable magnetostriction (Adly, 
Mayergoyz et al. 1991; Mayergoyz 1991). (In this case, the other condition of interest for 
magnetostriction, temperature, is neglected.) Equation 4.28 can be rewritten to include the 
interaction of magnetization and stress as 
(4-28) 
f p (0  =  l \ ^p ( cCp .Pp .Vp ( t )YapUp( t )dapdpp  
(4.29) 
+ JJ Vp(ap,Pp,Up(t)Y„pVp(t)dap dfip, 
"p>Pp 
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where Vp is the weighting function for Vp. Results show very good agreement with 
experimental data (Adly and Mayergoyz 1996). 
Extensions of the classical Preisach model are available, including rate dependence 
(Bertotti 1992; Philips, Dupre et al. 1994), energy loss calculations (Torre 1992), vector 
formulation applicable to anisotropic material (Adly and Mayergoyz 1996), and minor loops 
(Vajda and Torre 1996). More complicated kernels have been explored for modeling 
magnetostrictive hysteresis and have shown promise (Smith 1997). E. Delia Torre and 
collaborators developed a Preisach model, which is applicable to Terfenol-D, based on 
hysterons (acicular grains) which rotate in response to an external field and mechanical stress 
(Torre and Vajda 1996; Reimers 1997; Torre and Reimers 1997). In addition, Preisach 
modeling has evolved over the last decade to include a more physical basis. The physical 
basis for these Preisach models and operators has been investigated by many authors, with an 
excellent overview of the physical basis for Preisach models available in reference (Torre and 
Vajda 1996). 
Physically-based Preisach models combine the empirical robustness of the non-
physical models with some understanding of the physical processes that govern magnetic and 
magnetostrictive hysteresis. At the most fundamental level, the elementary Preisach loops 
represent the magnetization of a single particle for a single domain system. Bertotti has 
developed a Preisach based hysteresis model for materials where the magnetization is 
dominated by domain wall motion (Basso and Bertotti 1996). In this model the elementary 
loop represents the irreversible jump of a domain wall through local energy minima. 
Preisach model elements can be interpreted as regions of the material which magnetize 
coherently, leading to a description of Barkhausen jumps (Everett 1955). 
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4.2.4.3 Bergqvist-Engdahl magnetostrictive transducer model 
A phenomenological model of giant magnetostrictive transducer performance has 
been developed by Bergqvist and Engdahl and numerous collaborators, including Kvamsjo, 
Tiberg, Svensson, and StUIesjo. The lastest version from 1997 provides transient analysis of 
nonlinear, hysteretic operation of a longitudinally excited Terfenol-D transducer (Engdahl 
and Bergqvist 1997). It incorporates variable stress and applied magnetic field, along with 
various losses, magnetomechanical hysteresis, eddy currents, excitation coil losses, and 
external load losses. Laminated rods can be accommodated by employing a reduced (or 
equivalent) electrical conductivity and the effect of the external magnetic circuit is 
determined by a reluctivity circuit parameter (Engdahl and Bergqvist 1997), The complete 
model has been employed to simulate the efficiency of a reaction mass actuator (Engdahl 
1996). Model results are shown to agree with experimental data and computation time is not 
excessive. 
In this model, the Terfenol-D drive element is segmented into a finite number of 
interconnected elements characterized by location, stress, strain, and magnetic state 
(Kvamsjo and Engdahl 1991; Tiberg, Bergqvist et al. 1993). Maxwell's equations (the 
classical diffusion equation) describe the electromagnetic slate of the magnetic circuit 
including the Terfenol-D core and permanent magnets. For example, an axisymmetric core 
ignoring axial dependence is given by 
d^H . 1 dH 
dr^ r dr 
(4.30) 
where r is the radial displacement, fi is the permeability, and Og is the electrical conductivity. 




with segment length £, displacement u, density p, and damping These equations are 
solved with finite difference methods or finite element methods (Tiberg, Bergqvist et al. 
1993). The stress of a segment is determined from Hook's law 
<T=eEY (4.32) 
where Young's modulus £y as a function of stress and applied field is determined empirically 
from quasi-static data. The strain for a segment i is 
£=fq (ui+j-ui) (4.33) 
where is an empirical function measured for the magnetostriction without a mechanical 
load under quasi-static conditions. The magnetic flux is a function of the applied field and 
stress, 
B = (4.34) 
These equations lead to an anhysteretic nonlinear model of die drive elements which are 
linked to the transducer via the mechanical and magnetic boundary conditions. 
Later developments included a model for magnetomechanical hysteresis where the 
strain and magnetization were modeled rather than empirically fit as in equations 4.33 and 
4.34 above (Bergqvist and Engdahl 1994; Bergqvist and Engdahl 1994; Bergqvist and 
Engdahl 1996). The unique magnetic and mechanical state of a finite number of pseudo-
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particles is determined from the principle of entropy minimization. This effectively 
minimizes an energy function of the magnetostriction, magnetic, and mechanical energy 
terms for each particle. The magnetostriction term consists of an anhysteretic term and a 
"ripple" terms which gives rise to dense population of local energy minimum. 
Magnetomechanical friction is included as a coulomb friction force which impedes 
magnetization and strain. This is analogous to mechanical dry friction. Summing over an 
assembly of pseudo-particles with different frictional coefficients and volume weighting 
factors results in a total magnetization and magnetostriction. The parameters in the model 
can be estimated as described in the references (Bergqvist and Engdahl 1996). Interestingly, 
the model behaves like a classical Preisach model with a particular parameter configuration. 
However, according to Bergqvist and Engdahl, the model "should not be viewed as a mere 
reformulation of the CPM [classical Preisach model] since the CPM is only defined for a 
single scalar independent variable and the proper generalization to the case of several 
variables is far from clear" (Bergqvist and Engdahl 1996). 
4.2.4A Energy based model 
The Jiles-Atherton model of ferromagnetic hysteresis discussed in section 4.2.2.1 has 
recendy been extended to model the performance of a Terfenol-D transducer from electrical 
input to mechanical output by the author and colleagues (Calkins, Smith et al. 1997). The 
Jiles-Atherton model (equations 4.2-4.5) and the quadratic magnetomechanical law (equation 
4.6) form the kernel of the transducer model. The external applied magnetic field H is 
produced by a current I through an excitation solenoid of /ic turns per unit length. 
Mechanical displacement from the transducer u is given by the product of the Terfenol-D 
core strain A and the length LJ-D- Additional details on the development and discussion of 
advantages and disadvantages of the model are found in Chapter 5. The complete set of 
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general equations relating electrical input and raechanical output for a Terfenol-D transducer 
are summarized in Chapter 5, Algorithm 5.1. 
4.2.4.5 Electroacoustic model of transduction 
A large body of theory, known as electroacoustics, was developed in the early part of 
this century to help analyze and evaluate the transduction process. Electroacoustics theory 
models how a transducer converts oscillatory electric energy into mechanical or sound energy 
and vice versa. This theory forms the basis for a robust and flexible modeling tool that has 
proved quite successful for modeling many transducers from speakers to Terfenol-D 
actuators. A thorough development of the electroacoustic theory can be found in the 
references (National Defense Research Committee 1946; Hunt 1953). This work is applied 
specifically to Terfenol-D u^sducers in Chapter 6. 
The transduction equations from electroacoustics describe the experimentally 
observed relationship between mechanical and electrical systems. These two linear equations 
are 
V = Zg / + Tent V 
F = Tme I+ ZmV- (4.35a, b) 
Here, V denotes the voltage across the transducer terminals, Zg is the blocked electrical 
impedance, I is the current through the transducer, v is the transducer output velocity, F is 
transducer output force, and zm denotes the transducer's mechanical impedance. The 
transduction coefficients are Tem (electrical from mechanical) and Tme (raechanical from 
electrical). Equations 4.35 can be used to describe the electromechanical coupling of a 
magnetostrictive transducer. The analysis is facilitated by solving for V/I from equations 
4.35a and b, which results in 
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Z„=T=Z.+^=^^=^ = Z.+Z™,- (4.36) 
Here, Zgg is the total electrical impedance of the system, which is the sum of Zg and the 
motional impedance term Zfnot- The blocked electrical impedance is defined as the 
impedance observed when the mechanical side is prevented from moving or "blocked". The 
motional impedance term represents the interaction of the electrical and mechanical sides of 
the transducer and thus it provides a measure of the performance of the transduction element, 
the Terfenol-D sample. 
The parameters Zg, Zm^ ^nd ^me must be identified. This can be done in two 
ways: the transduction process can be considered a black box using identification techniques 
to determine the coefficients or the coefficients can be developed based on a 
magnetomechanical model. The first approach is much less complex, but the physical nature 
of the transduction process is lost and an identification must be performed every time the 
operating conditions change. This approach has been used to determine the plant for control 
applications (Hall and Hatau 1995). However better results can be obtained by evaluating 
these parameters, in particular ^em and in terms of a magnetomechanical model. The 
second approach requires increased sophistication but has proved extremely successful for 
modeling magnetostrictive transducers (Hall 1994; Hall and Flatau 1995). Giant 
magnetostrictive modeling based on electroacoustic transduction models can be found in 
literature. 
Hall used the magnetomechanical constitutive equations (equations 1.18a and b) to 
determine the transduction coefficients in term of magnetic and magnetoelastic parameters 
and material properties (Hall 1994). An effective dynamic permeability is used to capture the 
dynamic effects seen experimentally. The electrical impedance function Zee of a Terfenol-D 
transducer is 
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Zgg — R + ja)iijn^Aj-_jji (4.37) 
with DC resistance R, number of turns per unit length ric, rod length t, rod areaAr.o. The 
dynamic permeability /ir, which includes the mechanical resonant effect of the Terfenol-D 
rod but not eddy currents, is given by 
The parameter is the permeability at constant stress, and the other parameters are 
magnetomechanical coupling kcc, rod stiffness external load stiffness ki, prestress 
mechanism stiffness kmps. circular resonant frequency (On, and damping C- Eddy currents 
were incorporated by solving Maxwell's equations for the transducer and using the 
appropriate magnetic field to excite the Terfenol-D core. The model has the capability to 
account for changes in the prestress mechanism stiffness and external load stiffness. 
Mechanical prestress does not explicitly enter into the development, however the 
permeability at constant stress and resonant frequency are a function of prestress. This 
method requires the identification of material properties which can be complicated functions 
of the basic operating conditions. Transducer performance was simulated in the frequency 
domain for a range of low to medium magnetic drive levels and prediction capability was 
possible if the material properties were known accurately. 
Meeks and Timme developed an equation similar to 4.36 using a piezomagnetic 
resonant model for a giant magnetostrictive transducer (Meeks and Timme 1980). The 
transducer consists of a circular cross section Terfenol-D rod in a well defined laminated flux 
return path (magnetic circuit) which includes a permanent magnet. The constitutive 
(4.38) 
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equations (equation 1.18) are used to determine the stress which is substituted into the wave 
equation (equation 4.24). A mechanical damping term proportional to velocity is included. 
Since the operating frequency is much larger than the eddy current cutoff frequency, large 
eddy currents losses are included by modifying the permeability with an eddy current loss 
factor Xe (Bozorth 1951; Butler 1988). Eddy currents losses in both the magnetostrictive 
core and the magnetic circuit are considered. These approximations for large eddy current 
losses, make the model applicable for high frequency, ultrasonic transducer operations. 
Hysteresis losses are not considered, although eddy current losses are thought to dominate 
the losses. The final equation is couched in terms of the electrical impedance 
Z - J<^hXe(^-^ccXe) 
-  kixe)^ I 
with frequency CO, raagnetomechanical coupling kcc, complex speed of sound c®, free 
inductance Lf, and the ratio of the complex reluctance of the return path to the complex 
reluctance of the rod R'. The electrical impedance bode plot shows the model results 
simulated experimental data (Meeks and Timme 1980). 
4.3 Comparison of models and conclusions 
The models discussed in Chapter 4 are summarized together by physical regimes and 
effects in Table 4.2. These model classifications are by no means definitive. However, this 
analysis provides a useful means of comparing models. 
As mentioned in Section 4.1, the various models are best evaluated by considering the 
application requirements. All the models described in Section 4.2 have been used for 
different systems and applications. In many cases the application requires a model scope 
which naturally eliminates certain models or model components. For example, a quasi-static 
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positioning system clearly does not need to model dynamic effects, whereas effects such as 
mechanical resonance and eddy currents are integral for an ultrasonic transducer model. 
Similarly the level of detail drives the model choice. For example, if a simulation of the 
domain structure of twinned single crystal Terfenol-D is required, a micromagnetic models 
will be necessary. However, to simulate the quasi-static output under a very small set of 
operating conditions an empirical Preisach fit may be the most appropriate model to 
implement As in most fields, experience will serve as the best guide for the Terfenol-D 
transducer designer. 
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5. AN ENERGY-BASED TRANSDUCER MODEL 
5.1 Overview 
This chapter provides a detailed development and analysis of an energy based model 
of magnetic and magnetostrictive hysteresis as applied to a Terfenol-D transducer. The Jiles-
Atherton model of ferromagnetic hysteresis (J-A), published in 1983 (Jiles and Atherton 
1983), accounts for magnetic hysteresis by considering the effects of pinning sites which 
impede magnetization. By using an appropriate anhysteretic magnetization function, the 
experimental observations of hysteretic magnetization for many materials can be modeled. 
The initial model was limited to quasi-static major hysteresis loops of B or M versus H for 
ferromagnetic materials. Later extensions included models for magnetostriction (Sablik and 
Jiles 1988; Sablik and Jiles 1993), eddy current losses for higher frequency operation (Jiles 
1994a; Jiles 1994b), minor loops (Jiles 1992), nonelectrically conducting materials (Jiles 
1993), external application of constant and varying external mechanical stress applied 
coaxially (Jiles 1995) and noncoaxially (Sablik, Rubin et al. 1993), and vector formulation 
(Bergqvist 1996). 
The success of the Jiles-Atherton model in describing the raagnetomechanical 
performance of magnetostrictives makes it a natural choice as the basis for a Terfenol-D 
transducer model. In comparison with other models, such as many described in Chapter 4, 
the J-A model has several advantages. The required number of model parameters is small. 
Thus, the model is less computationally expensive than other hysteretic models, such as 
Preisach models or micromagnetic models (see Chapter 4). The solution process is 
noniterative once the model parameters are identified. Direct solutions for strain under 
varied magnetic bias, mechanical prestress, and magnetic drive level are possible. The 
physical nature of the model aids in developing a clear understanding of the rich performance 
space of magnetostrictive transducers. The model is based on an energy description of the 
164 
raagnetostrictive transducer system. This provides a natural route to extend the model to 
include transducer and external effects of interest. Finally, for transient operation and 
controls related applications, the Jiles-Atherton model ability to accurately describe the 
Terfenol-D core bulk magnetic and elastic states is advantageous. 
The Jiles-Atherton model describes the magnetic hysteresis of an isolated sample of 
Terfenol-D. The extension to magnetostrictive hysteresis is accomplished with a 
magnetomechanical model that relates the magnetostriction and magnetization. The result is 
a very robust model of magnetic and magnetostrictive hysteresis, which has been 
successfully used to model magnetostriction in many materials. 
With this model as the magnetostrictive kernel, simulation and prediction of the 
performance of a generic Terfenol-D transducer are possible. In this chapter, modifications 
needed to simulate the operation of a complete Terfenol-D transducer include the effects of 
the electrical input, magnetic circuit, and mechanical prestress mechanism. The model 
accurately simulates the quasi-static performance of a prototype transducer under a variety of 
operating conditions, including changes in prestress, magnetic bias, and magnetic drive level 
(applied magnetic field AC amplitude). The parameters of the model are developed for a 
range of operating conditions and are found to be quite robust Predictive capability is 
demonstrated within ranges of prestress, drive level, and magnetic bias. The current model 
provides an excellent route to predicting the rich performance of a giant magnetostrictive 
transducer operating under quasi-static real world conditions, such as the experimental data 
reported in Chapter 3. The overall result of this effort is a means for simulating and 
predicting Terfenol-D transducer performance, which will facilitate design, optimization, and 
control. 
This development reproduces the work of Jiles et al., Jiles and Atherton, and Sablik 
and Jiles, Sablik et al.. Smith, and others. It is the author's hope that presenting a consistent 
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development of the model will facilitate the reader's understanding of the model's 
development, scope, and utility. 
5.2 Magnetostrictive model 
This section provides the development for the model of the Terfenol-D core 
performance. The anhysteretic, irreversible, reversible, and total magnetizations from the 
Jiles-Atherton model are developed. Minor loops and eddy current effects are also 
considered. 
5.2.1 Background on Jiles-Atherton model 
The Jiles-Atherton hysteresis model describes the magnetization and magnetostriction 
of a ferromagnetic material. The model considers the influence of an external magnetic field 
and provides the capability to model the effect of mechanical stress. One formulation 
assumes a constant mechanical stress and a varying magnetic field (Jiles 1984; Jiles 1986; 
Sablik and Jiles 1993). In most cases, both the stress and magnetic field will vary. However, 
this constant stress formulation provides a reasonable starting point for the development of a 
more robust phenomenological magnetostrictive transducer model. Minor loops can be 
modeled by enforcing closure of the magnetization curve. Additional energy loss terms can 
be incorporated to account for the effects of eddy currents inducedin the system during 
dynamic operation. 
The following assumptions are made in the model development presented here. First, 
the temperature of the Terfenol-D transducer system is constant around room temperature (23 
° C). Second, magnetocrystalline anisotropy is neglected. Assumptions made regarding 
mechanical stress are found in Section 5.2.10. Finally, dynamic effects other than eddy 
currents are assumed to be negligible. This necessarily limits the model as presented to an 
operating regime far below the transducer's first mechanical resonance. 
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One of the strengths of the model is the physical basis for the model parameters, 
which can be measured and/or calculated from experimental data (Jiles, Thoelke et al. 1992). 
Only six physically based parameters, a, k, a, C, MS, and are required to completely 
describe the performance (magnetization and magnetostriction) of magnetosttictive materials 
such as Terfenol-D. 
5.2  ^The effective magnetic field 
For the purpose of modeling the magnetization and magnetostriction, an effective 
magnetic induction inside a ferromagnetic material. Be, is defined. The magnetic energy of 
the ferromagnetic material is given by 
where Af is the total magnetization of the material. 
The effective applied magnetic field He is g ven by the relation between magnetic 
induction and the effective applied magnetic field, equation 1.1, 
The term He will be a sum of the three terms: the applied magnetic field inside the Terfenol-
D sample due to the external excitation H, the long range magnetic coupling (xM, and the 
mechanical stress externally applied to the Terfenol-D sample H(j. This means 
E = \Bem, (5.1) 
Be — ^loHe- (5.2) 
He = H + (xM + Ha, (5.3) 
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where a is a dimensionless quantity, analogous to the Weiss molecular field (Bozorth 1951; 
Jiles 1991), which represents the averaged effect of the interaction between magnetic 
moments. Thus, He includes the effect of magnetization at the domain level. 
A general form for the effective field is given by considering H(j of equation 5.3 as 
the contribution due to all effects of interest, such as stress <t, temperature T, 
magnetocrystalline anisotropy 6, or demagnetizing field factor and magnetization M. The 
effective field contribution Hfj - j{a, T, 6, Nj, Ad). Temperature, magnetocrystalline 
anisotropy, and demagnetizing field will not be considered, but formulations for the effective 
field due to mechanical stress and magnetization will be developed in section 5.2.10. 
5.2.3 Anhysteretic magnetization 
The anhysteretic magnetization Man represents the minimum magnetic energy state of 
the material for a given set of conditions. The anhysteretic magnetization describes a 
magnetization process which takes place without any losses (hence no hysteresis). The two 
magnetization processes described in Chapter 1, domain wall motion and domain 
magnetization rotation, can be reversible and irreversible. In real material, domain wall 
motion is dissipative, except for very small magnetization changes, while domain 
magnetization rotation can be reversible or irreversible. Therefore, large changes in 
magnetization that are reversible can only be due to domain magnetization rotation. 
Jiles and Atherton note that in order to accurately model hysteretic performance, an 
accurate form for the anhysteretic magnetization must be used. Many anhysteretic models 
have been forwarded for ferromagnetic materials, including the isotropic Langevin function, 
higher order Langevin functions, and anisotropic models (Ramesh et al. 1996). For giant 
magnetostrictive material, such as Terfenol-D, under a sufficient compressive stress, the 
primary magnetization mechanism is thought to be domain magnetization rotation (Clark 
1980; JUes 1995). 
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Experimental data from Chapters 1 and 3 shows details that the magnetization model 
must include. The general shape of the M-H plot (Figure 1.2) is sigmoidal. In addition, the 
anhysteretic magnetization must approach saturation as He becomes very large and go to zero 
with^g. 
In the following development, an anhysteretic model is developed for isotropic 
material. Terfenol-D and other giant magnetostrictive materials are anisotropic, although the 
most common stoichiometries have smaller anisotropics. In addition, the magnetocrystalline 
anisotropy can be neglected when the energy state of the material is dominated by other 
anisotropics, such as prestress or applied magnetic field-
It should be noted that for a given set of operating conditions, the anhystetetic 
magnetization can be measured by shaking loose the domain walls from the the pinning sites 
so the prevailing magnetization approaches thermodynamic equilibrium at the anhysteretic 
magnetization (Cullity 1972). Experimentally this is possible by superimposing an AC 
applied magnetic field on a DC magnetic bias which is discretely increased to saturation. At 
each magnetic bias point the AC magnetic field amplitude is decreases from a very large field 
to zero. This is the same procedure employed in demagnetizing materials, where the origin 
of M-H is one unique point on the anhysteretic magnetization curve. 
As the material is excited by an external magnetic field H, its magnetic energy state 
changes. The distribution of domains results in a total magnetization in the direction of the 
applied field of 
''M, COS sin 6(16 
V" sin6d6 Jo 
(5.4) 
where 6 is the angle between the direction of H and the direction of the magnetic moment m, 
T is the temperature in ° K, is the Boltzmann constant (kffT is the thermal energy), and Ms 
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is the saturation magnetization. The energy due to domain interactions is Ed = -fiomHeCosd, 
where He is the effective magnetic field described above. Equation 5.4 can be simplified by 
defining the effective domain density a in term of the density of domains N and the absolute 
temperature, that is 
Parameter a is also given in terms of <m>, the magnetic moment of the average pseudo 
domain with units Am^. Parameter a, which characterizes the shape of the anhysteretic 
magnetization curve, can be considered a constant of the material that is dependent on the 
microstructure (Sablik and Jiles 1993). Parameter a has units of A/m. 
Integration of equation 5.5 leads to 
where L is the perturbated Langevin function, which has been used successfully to 
characterize the magnetization curve of many paramagnetic materials. Figure 5.1 shows an 
example single-valued plot of Man versus H based on equation 5.6. 
Simulations of Terfenol-D require large values of a (around 5-10 kA/m), implying a 
large N. Therefore, it is possible that there are many more model domains (called pseudo-
domains) than real domains in typical Terfenol-D. These pseudo-domains are smaller than 
real domains, but nevertheless are useful for describing the hysteretic process. The number 
of domains N will remain constant, since the anhysteretic magnetization is modeled as solely 
due to domain magnetization rotation. 
Relatively small values of a produce a single valued anhysteretic magnetization 
versus applied magnetic field relationship. However as a is increased, an elementary form of 
a = NkBTIfJoMs = kBT/^<m>. (5.5) 
(5.6) 
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hysteresis is seen, which is based on the strong mutual interaction between magnetic 
moments of the pseudo domains (Jiles 1986). Simulations of Terfenol-D performance 
(section 5.5.2) result in a on the order of 10"^ - 10-3, which is too small for this effect to be 
apparent 
Despite the fact that the Langevin equation is applicable to isotropic materials, for 
Terfenol-D a reasonable fit is still obtained with equation 5.6. In addition, the Langevin 
model has the advantage of simplicity and ease of implementation. 
5.2.4 Pinning sites 
While the anhysteretic magnetization provides the general shape of experimentally 
observed magnetization plots, the hysteretic nature and finer details must be explained by 
S 
-8 lO'^ -4 lO'* 0 4 lO'' 8 lO'^ 
H(A/m) 
Figure 5.1 An example anhysteretic magnetization versus applied magnetic field computed 
from equation 5.6, Ms = .77 MA/m, a = 7021, k = 3280, c = 0.18, a = -.02. 
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considering the magnetization effect of domain wall processes, translation and bending. The 
domain wall processes described in Chapter 1 are intimately connected with the presence of 
"pinning sites" in the material. These pinning sites can be any number of physical 
imperfections or inclusions, such as second phase materials, stress dislocations, or grain 
boundaries. In Terfenol-D, pinning sites are unavoidable, in part because the second phase 
materials, such as Dysprosium, are incorporated to obtain the desired stoichiometry. Since 
the averaged effect of all pinning sites is considered, the specific nature of any individual site 
is not of interest. These pinning sites will cause two important effects which will be 
considered in the model: domain wall bowing and energy dissipation. These effects are 
discussed in the next two sections. 
5.2.5 Irreversible magnetization 
When a magnetic field is applied, magnetic moments within the domain wall will 
rotate thus resulting in the domain wall moving through the material, as shown in Figures 1.4 
and 1.5. When the wall encounters a pinning site, it is energetically favorable for the wall to 
attach to the pinning site. Additional energy is then required to separate the wall from the 
pinning site. This results in an energy loss during the magnetization process, which is 
analogous to a frictional force (Jiles and Atherton 1986). The irreversible magnetization 
component accounts for this nonconservative, energy dissipating, magnetization process. 
The energy required to free the wall from the pinning site is determined by the nature 
of the pinning site and the orientation of the domains on either side of the wall (Jiles and 
Atherton 1986). This can be derived by considering the energy of a domain wall between 
two domains with magnetization vectors of strength m; and ni2 oriented at an angle 6 apart 
The domain wall energy is the difference between the energies of the domains on either side 
of the interface, 
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diE = mi'Be-m2'BQ = mBc{\-cos6) (5.7) 
(implicitly assuming all magnetization vectors have the same magnitude M^). The average 
pinning energy between domains with randomly oriented magnetization vectors is 
^pin = 2 - COS0;, (5-8) 
where the maximum wall energy is = ImBe for 180° walls, with 6 = n. The average 
pinning energy is 
{^pin) = k{^7t)(^-<^ose), (5.9) 
and the total pinning energy of the bulk material is given by 
= J - cosejAdx (5.10) 
0 
for n pimiing sites with an average wall of area A moving a distance x. The change in 
magnetization dM is the volume of moments rotated an angle 0 into the direction of interest, 
dM=m(l-cos0)AdXy which can be substituted into equation 5.10. From equation 5.10, the 




The energy dissipated in overcoming the domain wall pinning, the pinning energy, is 
proportional to the coefficient k, and the magnetization causing the depiiming, the irreversible 
magnetization, that is 
Epin = fiokldMirr. (5.12) 
The quasi-static energy dissipation factor, or average pinning energy loss factor, k, will have 
units of A/m. The summed effect of all domain wall pinning sites in the material is 
considered thus neglecting the specific nature of any particular pinning site. The factor k is 
given by the average density of the pinning sites times the average energy of the pinning 
sites, taking into account a random orientation of domain magnetization directions (Jiles and 
Atherton 1986; Jiles, Thoelke et al. 1992). 
The parameter k will depend on the mechanical stress of the material in the following 
way. The effect of stress on any individual pinning site will vary, with the energy of one site 
increasing while the energy of another decreasing. Those sites which increase in energy will 
hold the wall more tightly, however for sites which decrease in energy, the wall can break 
free more easily and move to a new equilibrium position of lower energy. The net result is 
that the application of stress causes total magnetization to approach the anhysteretic 
magnetization. (Based on this physical process, the "law of approach to the anhysteretic", 
Sablik et al. have investigated cyclic stress as a method of determining the anhysteretic 
magnetization (Sablik and Langman 1996)). 
5.2.6 Reversible magnetization 
The domain walls, which were assumed to be rigid in the irreversible magnetization 
development, are now given the freedom to bend. The domain wall bending model results in 
a reversible magnetization process, quantified by the bending coefficient c. The 
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dimensiotiless bending coefficient c is related to the distance to between pinning sites £ps, 
average magnetic moment m, effective magnetostatic energy y, and a constant related to the 
difference between the anhysteretic and total magnetization C, and is given by 
mTcttr 
c = ^C. (5.13) 
4y 
More practically, c can be determined experimentally as the ratio of the initial susceptibilities 
of the total and anhysteretic magnetization curves. The domain wall bends to minimize the 
energy, which means the magnetization approaches the anhysteretic magnetization. 
Physically, the domain wall will bow in the direction the wall would move if free to do so. 
This will result in a decrease in the difference between the anhysteretic and total 
magnetizations. The reversible magnetization described by the bowing process is 
proportional to the bending coefficient c and the difference between the anhysteretic and 
irreversible magnetization 
^rev — c{Man-M.irr). (5.14) 
As the energy holding the wall to the pinning site increases, the walls are able to bow more, 
and the magnetization draws nearer to the anhysteretic. In terms of the model this means 
increasing c decreases the hysteresis seen in the magnetization plot. Further details on this 
development are given in the references (Jiles and Atherton 1986). It should be noted that 
the reversible magnetization does exhibit hysteresis over a cyclic magnetization process. 
5.2.7 Total magnetization 
The magnetization M is the total (or prevailing) magnetization which can be measured 
experimentally in a ferromagnetic sample. Since all the magnetic moments are aligned 
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within a domain. A/ is a constant dependent on the material atomic structure, known as the 
saturation magnetization Afj. For Terfenol-D, Ms has the approximate value 0.79x10^ A/m. 
For the bulk material, the total magnetization is the vector sum of the magnetization of each 
domain in the measurement direction. At large field levels, all the domain magnetization 
vectors are aligned in the field direction and the material is a single domain. As a single 
domain, the bulk magnetization approaches Ms. Note that, Ms is constant, independent of 
operating conditions, such as prestress and magnetic drive level. 
The magnetization processes discussed in Chapter 1 allow M to be conceptualized as 
the sum of two components, the irreversible and reversible magnetizations, M/n- and Afrgv. 
respectively, and 
The total magnetization can now be developed by considering Min- and Mrev terms of the 
energy description of the material. The total magnetic energy available to magnetize the 
Terfenol-D material is the integral of the anhysteretic magnetization (theoretical lossless 
magnetization of the material) and the effective magnetic induction. The total input magnetic 
energy will be accounted for as energy which magnetizes the material, resulting in a 
prevailing or total magnetization, and energy dissipated due to loss mechanisms. 
M  —  M i f f  +  M r e v .  (5.15) 
Emag— / MQ/I diBg — J M d£g + losses. (5.16) 
Many loss mechanisms can be considered. One of these, eddy current losses, wiU be 
explored in sections 5.3.2. 
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The simplest case considers quasi-static operation of a mechanically-lossless 
transducer. The only source of losses, given by equation 5.12, will be pinning sites impeding 
the domain wall motion. In this case, 
i^ftag ~  ^^ an dBg "^ Epin = J A/ dBg + figk J (5.17) 
where Be is the effective magnetic induction and the anhysteretic magnetization Man is given 
in equation 5.6. The last term on the right hand side of equation 5.17 accounts for energy 
dissipation due to pinning sites and can be expressed in a more convenient form, 
= M/(dM/rr/dfie)dfie. (5.18) 
Substituting equation 5.18 into equation 5.17 and differentiating with respect to Bg yields 
Man = M + Hok mirrldBe)5. (5.19) 
The term 5 ensures that energy dissipation due to pinning sites always resists domain wall 
motion. Therefore, S is positive 1.0 when He is increasing and negative 1.0 when He is 
decreasing. From equation 5.14 and 5.15 
M = cMan + (1-c) Min. (5.20) 
This is substituted into equation 5.19 to give 
^an ~ ^ (dA/j/7/dBg). (5.21) 
ill  
Equation 5.21 can be rearranged to solve for the difference between the anhysteretic 
magnetization and the irreversible magnetization 
_ jipSk dMj, 
l-c dBg 
. (5.22) 
Now (jdMirr/dBe) can be rewritten in terms of the effective applied magnetic field Hg, where 
Be = lioHe from equation 5.2. This can be further simplified by applying the chain rule to the 
partial derivative dMirrldBe = il/fJo)(dMirr/dH)(dHldHe). This results in 
(5-23) 
I-c dH oHg 
which can be rearranged to solve for the irreversible differential susceptibilit>' dMirr/dH as 
dMirr-MmZMkr Sk dH (5.24) 
The rate of change of the Terfenol-D magnetization with applied field is proportional to the 
difference between the anhysteretic magnetization and the irreversible magnetization. The 
denominator is a constant times one over the derivative of the effective field with respect to 
the external applied magnetic field. 
As discussed above, the form of the effective field, given in equation 5.3, will depend 
on the external applied field, the magnetic coupling, and effects such as the applied stress. At 
this point, the general form of the prestress anisotropy will be the derivative of equation 5.3 
with respect to H or 
dHg , (dM\ dHo 
— ^  =  l  +  a \  — + —  
dH {dHj dH (5.25) 
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Substituting equation 5.25 into equation 5.24 results in 
. ^dM . dH, 
dH 5k/a -c) \  dH dH J (5.26) 
Applying the chain rule to the susceptibility term 
dM _ dM dMjrr 
dH dMi„ dH 
(5.27) 
Substituting equation 5.27 into equation 5.26 and rearranging leaves 
dH 
kS . . .  , dM 
•, (^an 
l — C d^irr 
(5.28) 





, (^an 1- C  dMirr 
(5.29) 
This general form can be simplified to thHterstiirati^Jiies found 
and Atherton 1986) if dM/dMin- ~ 1, and H^is proportional to Mirr- In any case dMIdMin-
can be evaluated from equation 5.20 to show that 
dM „ , dM^ 
— = r i - c ; + c — ^  
dM, dM,^ (5.30) 
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For c«l, equation 5.30 reduces to one. In the opposite extreme, as c approaches one, the 
losses decrease to zero and M approaches the Man- In addition, if dMan/dMin- ~ 1 equation 
5.30 also reduces to one. 
Once a term for the stress anisotropy H(j is determined, the transcendental equation 
(equation 5.29) can be solved for the irreversible magnetization. This will be accomplished 
numerically with the results shown at end of this chapter. 
The total magnetization can be found by inserting equation 5.29 and the derivative of 
equation 5.14 with respect to H into the derivative of equation 5.15 with respect to H, 
dH dH dH ' ^ ^ 
This results in a equation for the total susceptibility. 
dH 
('•5) dM„ 
kS . . .  , dM 
1-c dM;, trr 
dH 
(5.32) 
The anhysteretic, reversible, irreversible, and total magnetization versus applied 
magnetic field are plotted in Figure 5.2. The anhysteretic is single valued, passing through 
the origin {H = 0, M = 0) and saturating at Af^. On the increasing applied field leg, the total 
magnetization is below the anhysteretic, while on the decreasing applied field leg the total 
magnetization is above the anhysteretic. The irreversible magnetization shows more 
hysteresis than the total magnetization. This is explained from equation 5.15 and the fact that 
the reversible magnetization is positive for the increasing magnetization leg and negative for 
the decreasing leg. Thus, the presence of the reversible magnetization term decreases the 
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Figure 5.2; Theoretical magnetization (total, anhysteretic, reversible, and irreversible) versus 
H based on experimental data from transducer #2, at 7 MPa prestress (Mj = 0.77 MA/m, a = 
7021, k = 3280, c = 0.18, a = -0.02). 
5.2.8 Minor loop model 
The magnetization process modeled in the preceding sections and shown in Figure 5.2 
is applicable to the specific case of symmetric magnetization about the zero bias point. 
However, magnetostrictive elements are often biased with a DC magnetic field in order to 
allow bi-directional motion. This results in asymmetric minor loops which require a 
modification of the magnetization model. It should be noted that the following minor loop 
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model is applicable to any axisymmetric minor loop which is a closed curve, including the 
data shown in Chapter 3. 
Minor loops occur when ^ changes sign, thus reversing the trajectory of the curve 
before the magnetization reaches ± Ms- At the initial turnaround point (point 0 in Figure 5.3 
for M-H), the trace of the curve moves into the interior of the major loop. When the sign of 
changes again at point 1, the trajectory takes the curve back through the initial 
turnaround point (point 0). This unique feature, known as closure or wiping out effect, is 
seen experimentally in most cases (Jiles 1992). From the perspective of the trajectory there is 
no memory of the minor loop excursion. However, for a real system the hysteresis exhibited 
by the loop is related to energy loss which does effect the system's future performance. 
Atherton and Ton found a single anhysteretic magnetization curve, such as described 
by equation 5.7, was not applicable to all minor loops (Atherton and Ton 1990). They 
concluded that a family of anhysteretic magnetization curves, offset from the principal 
anhysteretic curve, must exist. If the magnetization trajectory was based on an offset 
3 10 
2 10* 
1 10* 2 10* 5000 
H(A/m) 
Figure 5.3; Minor loop excursion showing closure at point 0. 
182 
anhysteretic magnetization curve {Man = Man offset over the minor loop path), the minor loop 
would automatically close. Unfortunately no expressions for these offset anhysteretic curves 
for minor loops are available. 
The J-A model as presented thus far as can be modified to incorporate closure of the 
minor loop. Modifications will be made to equations 5.29 to 5.32 during minor loop 
excursions. Referring to Figure 5.3, the sign changes of ^ take place at time to (point 0) 
and ti (point 1), with applied field, magnetization coordinates {Hq Mq) and {Hi Mi), 
respectively. At time Vi (point 2) the applied field is equal to the applied field at the first 
turning point (point 0), H( 12) = H(to). However, magnetization, using equation 5.30 as 
developed in section 5.27, will not be equal to the magnetization at the first turning point, 
M(t2) ^  M(to), as required for closure of the minor loop. As shown in Figure 5.3, M{t2) 
(point 2) is larger than M(to) (point 0). In order to enforce closure, a volume fraction, or 
working volume, concept is employed which modifies the magnetization {Mnew) of the return 
leg from point 1 to 2, for time ti to t2. This means 
0 in Figure 5.3 as required. This method of closing minor loops modifies the total 
magnetization, in keeping with the experimental observation that the total magnetization 
closes-
An alternative formulation was presented by Jiles (Jiles 1992) which uses volume 
fractions to close both the irreversible and reversible components of the magnetization. The 
reversible magnetization is given as the product of equation 5.9 and the reversible volume 
fraction yfrev and the irreversible magnetization as the product of equation 5.27 and the 
irreversible volume fraction vfirr-
(5.33) 
where the volume fraction yf= . For t = t2, point 2 has been moved down to point 
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dM, rev «« 
dH 
=yf, 
rev c(.^' dM^rr] dH J 









f ( M„{HyiA„(H) \, 
Since the irreversible and reversible magnetization close independently, the sum of the two 
will also close as required. Interestingly, for many simulation considered, the reversible 
magnetization volume fraction was generally larger than one while the irreversible volume 
fraction was less than one. 
The differences between the two closure methods (equations 5.33 and 5.34) have not 
been fully investigated. However, the second method is clearly more restrictive than the first. 
In many simulations equations 5.33 and 5.34 lead to identical minor loops. The choice 
between these two methods of closure or other available minor loop formulations (Carpenter 
1991) is left to the reader. 
5.2.9 Magnetomechanical model 
Any magnetomechanical model of the relationship between input magnetization and 
resultant magnetostriction can be coupled with the Jiles-Atherton model presented above 
describing the relationship between the input magnetic field and output magnetostriction. 
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5.2.9.1 Quadratic law 
The model employed here is the quadratic law (equation 1.16), 
(5.36) 
This requires the identification of Xs to determine A. The term Ms is the same used in 
equation 5.6 and M can be found from the Jiles-Atherton model for a known H input For 
Terfenol-D, a nominal value for Aj is 996x10"^, however it is known to vary somewhat with 
operating conditions. 
5.2.9.2 Sablik-Jiles energy model 
The Sablik-Jiles raagnetomechanical energy model (see Chapter 4) is more involved 
than the quadratic law, requiring the determination of five parameters. In addition to a from 
the J-A model, Ey, v, ay, Oz, and b. are needed. This model has been employed with the 
Jiles-Atherton model (Sablik and Jiles 1993) with good results. In this model, as well as the 
quadratic law, the mechanical state influences the magnetic state through the effective field 
(equation 5.3) as described in the next section. 
5.2.10 Mechanical stress 
Stress is known to be one of the principal conditions defining the performance of a 
magnetostrictor. In Chapter 3 it was shown that the prestress can be used to optimize various 
measures of the transducer performance. Therefore, the role of prestress in the model must 
be carefully considered. The development yielding the total magnetization, equation 5.32, 
did not assume a form for the mechanical stress contribution to the effective magnetic field, 
equation 5.3. Following the development of Sablik and Jiles, elastic component of the Gibbs 
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free energy is Egi =|-crA, (Sablik and Jiles 1993). The contribution to is found by taking 
the derivative of the energy with respective to Af at a constant temperature. If stress is held 
constant, the contribution to the effective field is 
For Terfenol-D, Gq is the nominal compressive stress on the bulk sample, therefore, H(j is 
negative. The partial derivative in equation 5.37 is taken with stress and temperature held 
constant. (If the stress is not constant the contribution to the effective field will have an 
additional component j.' where Ao is the constant strain and the derivative 
describes the material's magnetomechanical coupling.) 
If the quadratic law describes the magnetostriction, the derivative of equation 5.36 




The effective field He equation 5.3 can then be written as 
H^=H + dM 
a = a+f^^. (5.39a, b) 
This simplifies the equations for the irreversible and total magnetization, equations 




l - c  
dM 
dH 
( l - C ) (M^-Mirr )  . .dM^ 
r \ T  ^ t-ww ' (5.41) 
again assuming — = 1. 
dMi„ 
dM 
For actuation in the transducer systems studied, a constant stress condition is a reasonable 
assumption for small to medium drive levels (Calkins, Dapino et al. 1997). 
In the development thus far, the only input to the system was an applied magnetic 
field. However, the energy input to the transducer system can be electrical, magnetic, 
thermal, or mechanical. For an actuator, the primary source of AC energy will be an AC 
electric input to the excitation coil. The external applied magnetic field generated by an 
impressed current /(?) in the solenoid is given by 
where ric is the number of turns per length of the excitation solenoid (or alternatively a 
calibrated value). A DC magnetic field, to be used to magnetically bias the transducer, can 
be generated by a permanent magnet in the magnetic circuit {H =Hpia) or a DC current input 
to the excitation solenoid H = nj. 
5.3 Terfenol-D transducer model 
m)=ncm (5.42) 
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For a given coil geometry, the inductance can be determined and the blocked 
impedance calculated as a function of permeability (Hall 1994). The total electrical 
impedance as a function of frequency is then given by 
^ ^ NAdB 
, (5-43) 
where Zee is the input electrical voltage over current VH. This relationship allows the 
coupling of the magnetomechanical model to the electrical model of the power supply and 
driving amplifier. 
Caution is in order when employing equation 5.38 to quantify the prestress imposed 
on the Terfenol-D core in a transducer. In a real transducer, the applied stress can change 
during the operating cycle due to the external load or due to the prestress mechanism. In the 
later case a linear spring, such as the belleville washer described in Chapter 2 and 3, will 
impose a stress in the Terfenol-D rod that varies by as much as 50% from the nominal value 
as the magnetostriction approaches saturation. The effect of a prestress which varies with the 
displacement can be accomodated in the model of Ha as discussed earlier In equation 5.38, 
the applied stress is held constant for the model time step. By updating the prestress with 
each time step based on the actually stress, a more realistic transducer model will be realized. 
In actuation mode, the transducer output is a mechanical force and displacement (and 
acceleration and velocity for dynamic operation). The displacement output from the 
transducer, denoted by u, is given by 
u = ILj..D, (5.44) 
where A is the strain and LT-D is the length of the Terfenol-D sample. The force output is 
more difficult to quantify because it is dependent on the external mechanical impedance. 
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However, for dynamic operation as discussed in section 5.5, the output force can be found 
from the output acceleration u and the effective dynamic mass Me-
F = M^u. (5.45) 
This formulation is appropriate for a reaction mass actuator, in which case Me includes the 
mass of the load and an internal mass term. 
5.3.1 Model summary 
The quasi-static performance of a Terfenol-D transducer can be modeled by the 
equations presented in the preceding development. The complete set of general equations 
which describe the magnetization and magnetostriction of a Terfenol-D core in a transducer 
are summarized in Table 5.1. The model is left in its most general form for an electrical 
current input to the system. The form of the effective field, equation 5.3, is left general, as 
discussed in Section 5.2.2, to highlight the flexibility of the model to incorporate additional 
effects. In addition two conditions are imposed, 1) 5 is negative or positive one, insuring the 
pirming energy always impedes magnetization, and 2) dM/dH > 0, an unphysical negative 
susceptibility is not allowed. In the case of minor loops, equation 5.38 is modified by using 
equation 5.31 over the return leg of the minor loop excursion. 
The general model presented in Table 5.1 can now be tailored for a specific 
application. This model is shown in Algorithm 5.1. The approximations for the prestress 
that led to equations 5.37 and 5.38 are included in Algorithm 5.1, which was coded and used 
to model the experimental transducer performance in section 5.5. The equations describing 
the transducer system are listed as functions of time (r). 
189 





5.42 Applied magnetic 
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5.15 Total Magnetization M. — + Mfg^ 
5.36 Magnetomechanical 
model 2 "UJ 
5.44 Displacment M = X LT-D 
The nine equations in Algorithm 5.1, including six variables (c, k, a, a, Ms, and A^) 
which must be determined, provide a complete model of the transducer output displacement 
due to a given current input, for low frequency operation at constant temperature. For 
analysis purposes, the algorithm can be used to generate the magnetization and 
magnetostriction curves as a function of applied field, magnetic bias, and applied prestress. 
As will be shown in the next section, this model of magnetic and magnetostrictive hysteresis 
190 
mt) =ncl{t) 
Hei t )=Hi t )+ d( t )M(X)  
dMirr(t) 
dt kS 
Mrev(.t)=ciMan( t )-Mirr( t ) )  
M(t) = Mirrit)+Mrevit) 
m= ^I2^mt)/Ms)'^ 
U(T) = X{t)LT-D 
Algorithm 5.1: Equations for the model of a magnetostrictive transducer. 
will accurately and robustly simulate and predict the perfomance of giant magnetostrictive 
Terfenol-D transducers. 
5.3  ^Eddy currents 
The above development holds for quasi-static operation (less than a few Hz). At 
higher frequencies but well below mechanical resonance, an energy loss term which takes 
into account eddy current effects can be included in the model. The "losses" terra in the 
magnetic energy equation (equation 5.16) can include both hysteresis and eddy current 
losses. As described by Jiles, there are two cases to consider (Jiles 1994a). In the first, only 
the classical eddy current losses are considered. In the second, both the classical and 
anamolous losses are considered. 
Classical eddy current losses are based on the classical eddy current loss equation 
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(5.46) 
with resistivity pe, geometric factor p, and thickness df. The factor Pec is the energy loss due 
to eddy currents per unit volume. Considering only these losses, a modification to the 
anhysteretic magnetization or equivalently a perturbation to k allows the same form for the 
anhysteretic magnetization and the susceptibility (Jiles 1994a). Results using this method to 
account for eddy current losses in an isolated permalloy sample demonstrate the efficacy of 
the approach (Jiles 1994b). 
For a transducer, the eddy currents in conducting components of the transducer that 
are flux linked to the Terfenol-D core also result in appreciable losses. For the prototype 
transducer described in Chapter 3, additional components of the magnetic circuit are the 
permanent magnet, wire solenoid, and two end pieces. The main factor driving the losses is 
the time derivative of the magnetic flux density in each component. In the following, a 
model for the classical eddy current losses in the complete transducer will be considered. 
Total power losses due to eddy currents Pec is the sum of the classical eddy current losses for 
each component, according to equation 5.46. 
The eddy current losses in the entire transducer can be incorporated into the J-A model as 
described in the references (Jiles 1994a; Jiles 1994b). 
The assumptions implicit in this development are: 
1) The magnetic flux fully penetrates the Terfenol-D cylindrical core and all other 
magnetic circuit components. 
Pec = PT-D + PpM + ^ Pend (5.47) 
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2) Anamolous eddy currents (microscopic eddy currents generated at domain walls) 
are negligible. 
3) Losses in the solenoid winding are negligible. 
4) The magnetic flux ( (p  = BA) is constant in each component of the circuit; flux 
leakage is negligible. 
5) Frequency of operation is sufficiently low that magnetic relaxation and resonance 
of domain walls can be ignored. 
At higher frequencies (above the eddy current cutoff frequency) the skin effect 
becomes important in the Terfenol-D core and assumption one is violated. This can be 
modeled by use of a skin factor SF based on the skin depth d (StoU 1974) 
Skin Factor SF = . (5.48) 
o[2rT.D - d) 
where the skin depth is The loss for Terfenol-D is then 
The skin depth of other components can be treated in a similar manner. 
5.33 AC mechanical prestress 
The change in magnetization due to an applied stress has been modeled with a similar 
method where the role of the applied magnetic field is taken by the elastic energy. The 
justification, assumptions, and physical meaning can be found in the references (Jiles 1995). 
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5.4 Model Analysis 
5.4.1 Model parameter equations 
Several model parameters have physical meaning and can be determined directly 
from experimental data. In addition, the parameters are not independent and relationships 
between them have been developed. An analysis of the parameters from this perspective has 
been completed by Jiles et al. (Jiles and Thoelke 1989; Jiles, Thoelke et al. 1992). 
5.4.2 Effect of parameters on model 
The effect of the model parameters on the model output was examined in order to 
provide a more intuitive feel for the parameter estimations in the results presented in Section 
5.5.2. Table 5.2 summarizes the parameters and their effect on the model. The distinction 
between a and d is the inclusion of the mechanical stress component from equation 5.39. 
Table 5.2. Model parameters and their influence on model output 
Parameter Units (SI) Description Effect on Model 
a dimensionless Mean magnetic 
interaction field 
Increased value increases slope of 
anhysteretic and total magnetization. 
d A/m Mean field corrected 
for stress 
Decreases with increasing 
compressive stress. 
a A/m Effective domain 
density coefficient 
Increased value decreases slope of 
anhysteretic and total magnetization. 
k A/m Average pinning 
energy loss factor 
Increased value increases width of 
hysteresis curve. 
c dimensionless Domain wall 
bending coefficient 
Increased value decreases width of 
hysteresis curve. 
Ms A/m Saturation 
magnetization 
Increased value increases 
magnetization saturation level. 
Xs strain Saturation 
magnetostriction 
Increased value increases 
magnetostriction saturation level. 
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5.5 Transducer model verification 
The accuracy of the transducer model for predicting performance of Transducer #1 
from Case Study 1 for a variety of operating conditions is shown in this section. Several test 
cases are examined: 1) performance at three mechanical prestresses, 2) variable amplitude of 
the AC magnetic drive, and 3) operation under various magnetic biases. Across the range of 
prestresses (5.6 to 9 MPa) for low to medium drive level, the model shows true predictive 
capability. The predictive capability also includes minor loops, with the model naturally 
transitioning from major loop to minor loop trajectories. The parameter estimation technique 
is described below, followed by the modeling results. 
5.5.1 Parameter estimation 
Although the model parameters a, a, k, c, Ms, and are physically based (Jiles, 
Thoelke et al. 1992), sufficient variation exists to warrant estimating parameters for the 
transducer and operating conditions of interest. The first four parameters, a, a, k, and c arise 
from microscopic physical processes but are macroscopic averages for the Terfenol-D core in 
the transducer. The parameters Ms and are macroscopic with published values for 
Terfenol-D, see Chapter 1. For the modeling shown here Ms ~ 0.79 kA/m and Aj = 996e-6, 
although Aj depends on initial conditions. The physical interpretation of the parameters in 
Section 5.2, the tendencies discussed in Section 5.4.2, and the equations for the parameters in 
the references of Section 5.4.1 form the basis for the parameter values under various 
operating conditions. However, the physical reality of modeling a Terfenol-D transducer 
made it preferrable to allow some variation in parameters. Therefore, the parameter were 
estimated within physically realistic ranges to fit experimental data. 
For the model fits, the six parameters were determined by minimizing a functional of 
the least square difference between the experimental data and the calculated values from the 
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model. The minimization was accomplished using a sequential quadratic programming 
(SQR) algorithm, implemented in the MATLAB 4.0 function CONSTR. The fit could be 
tailored to specific regimes of the data, for example fitting the parameters to the portion of 
the data that included a minor loop. This process was completed in two steps. In the first 
step a, a, k, c, and Ms were determined from the least square fit between experimental values 
of magnetization and the model magnetization, equation 5.32. The functional 7(^), where qf 
is the vector of current parameter values, qf=(ce, a, k, c, Ms), is defined by 
for s data points. The experimental value of the total magnetization at time ti is Zi and the 
magnetization calculated from the model (Algorithm 1) with parameters qjis The 
second step consists of determing by minimizing the least square difference between the 
experimental strain data and the strain value calculated from equation 5.36. 
5.5.2 Modeling results 
The modeling results will be broken down into three analyses. First, the magnetic 
hysteresis model will be verified by comparing the M-H model fit to experimental data. 
Next, the magnetomechanical model of X-M will be employed and the results compared with 
the experimental A-M data. Finally, the model results can be compared for X-H. The 
parameters for tests with three prestresses 9, 6.9, and 5.6 MPa are shown in Table 5.3. 
Parameter estimation was used to determine the model parameters a, a, k, c, and Ms 
at 9 MPa (1.3 ksi) for an AC magnetic drive level amplitude of 60 kA/m (750 Oe). These 




Table 5.3. Estimated model parameters for the Terfenol-D transducer under three prestresses, 
9, 6.9, and 5.6 MPa. 
Model Parameter Ob = 9 MPa (To = 6.9 MPa (To = 5.6 MPa 
MAA/m) 7.65 X 105 7.65 X 105 7.65 X 105 
a (A/m) 7012 7012 7012 
3942 3283 3189 
c 0.18 0.18 0.18 





 1 -0.004 
1003 995 1021 
experimental data and the model is shown in Figure 5.4a for magnetic drive levels of 30 and 
60 kA/m. The overall fit for M-H is quite good at both drive levels. A close up of the first 
quadrant of the Figure 5.4a is shown in Figure 5.4b. The shape of the model accurately 
traces the experimental data except in the region near the coercive point. Here the 
experimental M-H plot is constricted or pinched as discussed previously. The model, which 
does not incorporate this behavior, overpredicts M by approximately 50%. In addition, the 
model overestimates the hysteresis at drive levels approaching saturation, resulting in a 
somewhat wider M-H plot in this region. For lower drive levels the return leg of the model 
more accurately follows the experimental data. 
Next, the parameters were estimated for 6.9 MPa (1.0 ksi) and 5.6 MPa (0.8 ksi) with 
a, c, and M^ fixed since theoretically they are the least dependence on stress. The least 
square fits for k and a are shown in Table 5.3. Figures 5.5 and 5.6 show the comparison 
between model and experimental data for M-H at 6.9 and 5.6 MPa respectively. The 
decrease in k indicates the energy loss or hysteresis has decreased with decreasing prestress. 
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Figure 5.4 a) full loop, b) expanded view of first quadrant, comparison between experimental 
data (—) and JA model ( with a = 7012, k = 3942, c = 0.18, Ms = 7.65e5, d = -0.2, for 
M -H, under 9 MPa prestress for two drive levels 56 and 30 kA/m. 
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Figure 5.6. a) (top) full loop, b) (bottom) expanded view of first quadrant, comparison 
between experimental data (—) and JA model ( ) with a = 7012, = 3200, c = 0.18, Af^ = 
7.65e5, d = -0.004, for M versus H, under 5.6 MPa prestress for a drive level of 56 kA/m. 








Terfenol-D rod does less work overcoming the stress anisotropy. The model accounts for the 
raagnetomechanical effect of the stress reduction through the effective field as discussed 
section 5.2.9. The parameters a and d, which are related by equation 5.39b, are both shown 
in Table 5.3. As prestress decreases, the parameter a increases since in equation 5.39b is 
negative for a compressive stress, while a decreases by approximately 12%. 
The model accurately portrays the relationship between the major and minor loops as 
discussed in Chapter 3 for experimental data. Kgure 5.7a and b show M-H at 9 MPa (1.3 ksi) 
and 6.9 MPa (1.0 ksi), respectively, with two minor loops each. These minor loops close on 
themselves in all four cases as the blow-ups show. The turnaround points for the minor loops 
is quite good, however the shape of the fits is not perfect. One of the reasons for this 
discrepency between model and experiment is that the shape and slope of the minor loops are 
very sensitive to the slope of the major loop at the first turnaround point. In the case of the 
lower bias minor loop in Figure 5.7, the model has clearly missed the constricted shape of the 
magnetization curve at the first turnaround point and hence the model minor loop is less than 
adequate. 
These results show that the J-A model does a very good job of capturing the 
magnetization curves and is robust with respect to prestress, drive level, and magnetic bias. 
Changes in drive level do not require any modifications of the model parameters, while 
changes in prestress require modifications to a of only 12%, as predicted by equation 5.39b 
and physically expected changes in k. The same parameters are used for modeling the minor 
loops. The model parameters for the three prestress cases are shown in Table 5.3 
Since the first seven equations of Algorithm 5.1 appear to accurately compute the 
electromagnetic regimes of the Terfenol-D transducer, an accurate magnetosuictive model 
will allow the complete the input-output description of the transducer. A comparison of X -M 
for the three prestress cases using the quadratic law (equation 5.36) is shown in Figures 5.8 
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Figure 5.7 Comparison between experimental data ( ) and JA model ( ) M versus H 
with two minor loops at AC amplitude 5 kA/m with magnetic biases 5 kA/m and 15 kA/m for 
a) 9 MPa a = 7012, k = 3942, c = 0.18, Ms = 7.65e5, d = -0.02 and b) 6.9 MPa a = 7012, k 
= 3283, c = 0.18, Ms = 7.65e5, d = -0.01. 
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Figure 5.8 A-M for a) (top left) 9 MPa, b) (top right) 6.9 MPa, and c) (bottom) 5.6 MPa. 
Theoretically, Aj should increase with prestress, since the initial length of the 
Terfenol-D in the unmagnetized state decreases with prestress. For these three cases, the 
saturation magnetostriction values (see Table 5.3) was kept within 3% of the theoretical 
nominal value. 
The experimental strain-magnetization curves show hysteresis and an interesting 
quadratic shape at low levels of magnetization, while exhibiting a more linear shape at 
medium to high levels. The quadratic model does not accurately quantify this linear region. 
Comparing across the prestresses, the 5.6 MPa case is clearly the best fit between model and 
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Figure 5.9 Plots of A- H for the three prestress cases (a) (top left) 9 MPa, (b) (top right) 6.9 
MPa, and (c) (bottom) 5.6 MPa, using the quadratic law. 
The experimental X-M data shows hysteresis, indicating that the elastic hysteresis in 
the transducer components (see Section 2.3) and the Terfenol-D cannot be neglected. The 
differences between the model and experimental X -H plots are attributed to failures on the 
part of the quadratic magnetostriction model, which is anhysteretic. The X-H experimental 
data shows more hysteresis, a wider butterfly, than the X-H model for each prestress. In each 
case, the model X-H plot shows less hysteresis than the experimental plot because the only 
source of hysteresis in magnetostriction is due to magnetic hysteresis. As expected from the 
quality of the X-M fit, the fit for the 5.6 MPa is quite good, while the 9 MPa fit is off the most 
in the mid to high field regime. In general, the quadratic relationship between strain and 
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magnetization, equation 5.36, does not adequately quantify the shape of the k-H experimental 
data for large drive levels. 
Figure 5.10 shows X-H for the 9 MPa case a minor loop biased to 15 kA/m. The 
model parameters used were the same as those from Figure 5.9c. The slope of the major loop 
in the region of the loop is much steeper in the experimental data than the model. The 
difference between the model and experimental over the minor loop is attributed to the 
differences in the major loops. 
The discrepancy in the X-H plot between the model and experiment fit, prompted an 
attempt to find a regime where the quadratic magnetosuriction model would hold. Data was 
taken at 9MPa for a drive level of 30 kA/m and the six model parameters were fit as 
described above. In this case a larger saturation magnetostriction (1225xlO-6) resulted. The 
model, with the same parameters as in Table 5.3 except for the increased provided a very 
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Figure 5.11 Improved (a) Geft)A-Af and (b) (right)A-^ fits for 9 MPa prestress low drive 
level, Xs = 1225x10-^. 
The Sablik-Jiles energy model (equation 4.23) was compared with the quadratic law 
(equation 5.36). The Sablik-Jiles parameters (a total of 11 instead of six used in the previous 
case) were estimated in a maimer similar to that described above for the magnetic parameters. 
A wide range of parameters could be used to give similar results. The best fit obtained with 
the Sablik-Jiles model approached the quadratic fit. Unfortunately, in this case the predicted 
magnetostrictive hysteresis was negligible. In addition, the parameters did not have 
physically realistic values. In particular, Young's modulus was several orders of magnitude 
below experimentally determined values (0.05 versus 30.0 GPa). 
The Sablik-Jiles model provides a framework which has vastly more potential to 
capture the significant features of Terfenol-D magnetostrictive hysteresis. In addition, it may 
prove more successful if extensive optimization results in a set of parameter which accurately 
fit Terfenol-D data and are physically realistic parameters. However, in the current model, 
the quadratic law provided a more accurate first order estimate. 
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5.6 Conclusions 
The energy based transducer model (extension of the Jiles-Atherton model) is 
successful in simulating quasi-static performance of a Terfenol-D transducer. Model 
parameters are estimated from data but follow theoretical trends and magnitudes, suggesting 
a good phenomenological model development The model is shown to be suprisingly robust 
with respect to the three operating conditions considered: prestress, magnetic drive level, and 
magnetic bias. This provides an exciting predictive capability within predetermined 
operating condition ranges. For example, the model and parameter tits worked well and 
provided true predictive capability for the experimental transducer #1 over its optimal 
prestress range of approximately 5.6 to 9 MPa. This is a marked improvement over material 
property-based models where parameters changes can be quite extreme with changing 
operating conditions (Dapino, Calkins et al. 1996; Calkins, Dapino et al. 1997; Dapino, 
Flatau et al. 1997). 
From a control perspective, this parameter robustness should prove extremely useful. 
The physical basis of the model leads to an accurate description of the magnetization of the 
Terfenol-D core, which allows any excitation magnetization to be simulated and predicted. 
A control system based on this model would not be limited to steady state control. For 
example, as shown above, the model can accept input which alternated between major and 
minor loop trajectories. It should prove possible to model the performance due to any 
transient electrical input. 
While the results are successful, the demonstrated performance of the model is 
limited to the quasi-static regime. Future work wiU need to fully incoporate dynamic effects, 
such as eddy currents (proposed model in Section 5.4.2), mechanical resonance, and AC 
varying stress conditions. The most pressing need is for a better magnetostriction model, one 
which will incorporate dynamic, elastic effects such as resonance. The extension to electrical 
side, including modeling electrical impedance is also a key step needed for transducer design. 
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This is seen most clearly by considering the impedance function in the frequency domain 
(Figure 3.20), which shows considerable sensitivity to the Terfenol-D core performance. 
Ideally, the coupling between the transducer and the electrical input will be modeled. 
The author envisions the eventual product of the Jiles-Atherton approach as coupling 
all the magnetostrictive, transducer-related, and application-related effects together, including 
the material microstructure (magnetocrystalline), thermal considerations, electromagnetic 
model, magnetomechanical interaction, mechanical effects, and acoustic effects. 
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6. ELECTROACOUSTIC DESCRIPTION OF MAGNETOSTRICTIVE 
TRANSDUCERS 
6.1 Overview 
The work in this chapter was motivated by a desire to model the transducer's dynamic 
performance in the frequency domain. Frequency domain models will facilitate the analysis 
of design issues discussed in Chapter 2 and allow interpretation of the experimental results 
shown in Chapter 3. Despite the success of the energy-based model from Chapter 5, the 
extension to dynamic performance is incomplete at this time. Therefore, an additional model 
capable of describing dynamic performance, including the interaction with the system 
electrical input, was desired. A logical choice was the electroacoustic model of transduction 
discussed briefly in Chapter 4. 
Electroacoustics is a branch of applied theory of vibrations which considers the 
conversion of oscillatory energy from one fomi to another. A large body of theory based on 
electroacoustics was developed in the early part of this century to help analyze and evaluate 
the transduction process of electromechanical devices (telephones, phonographs, 
microphones, loadspeakers). Seminal work in the field was reported by F.V. Hunt in his 
book "Electroacoustics: the analysis of transduction, and its historical background" (Hunt 
1953). In Hunt's words (p. 92), "The science of electroacoustics is based on the experimental 
observation that an electrical system can be associated with a mechanical system in such a 
way that a unique functional relation exists between the variables that characterize the 
electrical system and the variables that characterize the mechanical system." 
Electroacoustics theory is used to model how a system converts oscillatory electric 
energy into mechanical or sound energy, and vice versa. One of the strengths of this method 
of analysis lies in its generality. Transducers which rely on completely different energy 
conversion mechanisms can be analyzed and designed using similar techniques. Design is 
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facilitated by relating the input and output measurements of the transducer system to the 
performance of the transduction element in the transducer. The theory forms the basis for a 
robust and flexible modeling tool, which has proved quite successful for designing systems 
from speakers to ultrasonic magnetostrictive transducers. 
This chapter provides development on modeling of electromechanical systems based 
on the electroacoustic theory of transduction. Section 6.2 covers the general theory based on 
Hunt. The theory is applied to Terfenol-D transducers and verified with experimental results 
in Section 6.3. 
6.2.1 Transduction equations 
The electomechanical transduction process can be shown graphically by the mesh in 
Figure 6.1. The electrical side (on the left) and mechanical side (on the right) are connected 
by the transduction process in the box. Mathematically, the system can be described by two 
coupled linear equations. 
with voltage across the transducer terminals V, blocked electrical impedance Zg, current 
through the transducer /, transducer velocity v, force F, and mechanical impedance Zm- The 
transduction coefficients are ^em and Tme-
The transduction coefficients quantify the transduction of energy between the 
mechanical and electrical states. As Hunt states. 
6.2 Electroacoustic theory 
V  — Z g  I  +  T g i f i  V  




The symbols and Tme appearing in [Figure 6.1] represent transduction coefficients 
that describe the electromechanical coupling, the direction of transfer indicated by the 
subscripts. (As a useful mnemonic, read per, or due to, between the two subscript 
symbols.) TTius, Tem is defined as the electromotive force appearing in the electrical 
mesh per unit velocity in the mechanical mesh. Similarly, Tme is defined as the force 
acting in the mechanical mesh per unit current in the electrical mesh (Hunt 1953 p.92). 
The effect of the energy transduced from one side of the mesh to the other is 
represented by the terms Tem^ in equation 6.1 and Tmel in equation 6.2. This means the total 
electrical impedance (Zgg =V/I = REE + JXEE according to Hunt) seen on the input of the left 
side of Figure 6.1 is a sum of the blocked electrical impedance Zg and a term due to the 
transduced mechanical motion Tgnv/I. If the mechanical side was restricted from moving, 
the measured total electrical impedance would be the classical electrical impedance. An 




Figure 6.1: Transduction mesh with electrical (left) and mechanical (right) sides. 
The physical realizability of the system is embodied in the following constraint on 
equations 6.1 and 6.2, 
•Zi? Zm ~ TemTrne ^ 0- (6.3) 
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For design work, equation 6.3 supplies the criteria for physically allowable parameters. 
Examples of nonphysical parameters are those which result in violations of the "positive-
definiteness" of the kinetic energy, potential energy, and dissipative process. A physical 
system cannot have negative kinetic energy or store negative potential energy, while an 
energy dissipation process cannot add energy to the system (Hunt 1953 pp. 93). 
The reciprocity thereom states that the performance of an ideal transducer is the same 
in transmitting and receiving (National Defense Research Committee 1946). A thorough 
discussion of reciprocity is given by Hunt (Hunt 1953 Chapter 3). To summarize Hunt's 
presentation, the nature of the transduction process determines the relationship between the 
transduction coefficients Tern and '^me- For reciprocal transduction processes, the two 
coefficients are equal. Magnetic transduction processes, including magnetostrictive 
transduction, are usually designated antireciprocal, with Tem = - T^e- The identity of the 
coefficients holds with respect to magnitude but not with algebraic sign. Hunt shows that 
this is an artifact of the arbitrary definition of the positive sense of the physical quantities. It 
does not indicate a lack of symmeuy in the transduction process. Transduction in either 
direction across the mesh will be represented by Tem in the following development 
The transduction coefficients need to be considered complex in order to account for 
losses in the transduction process, resulting in 





The product of the two transduction coefficient is found to be a useful terra in subsequent 
development; the product is given as 
= RL-XL (6.6) 
with angle defined as 
(6.7) 
"em ^em 
There are two methods of finding the parameters in equations 6.1 and 6.2; 1) the 
transduction process can be considered a black box with the system parameters estimated for 
the given operating conditions, or 2) the transduction coefficients can be developed from a 
magnetomechanical model. The first approach is less complex, but has a significant 
disadvantage in that the physics of the transduction process can be lost, reducing the 
robustness and intuitive nature of the model. Various methods based on complex impedance 
and admittance analysis of experimental data are available for determining the parameters 
(National Defense Research Committee 1946; Hunt 1953; Hall 1994). This method has been 
implemented successfully in control systems and is particularly applicable for systems 
operating under reasonably constant conditions. The second approach requires an accurate 
model of the magnetostrictive transduction process. Magnetostrictive transducer modeling 
using electroacoustic transduction theory can be found in literature. Hall used the basic 
constitutive magnetostrictive equations (equations 1.18) to formulate transduction equations 
6,1 and 6.2 in terms of magnetic and magnetoelasdc parameters (Hall 1994). Meeks and 
Timme modeled an ultrasonic magnetostrictive transducer using a similar 
magnetomechanical development but included mechanical and electromagnetic losses 
(Meeks and Timme 1980). The variability of the system parameters (which are material 
213 
properties as discussed in Chapter 1) with operating conditions is the biggest difficulty in 
applying the development of Hall or Meeks and Timme. 
6.2 J, Impedance and admittance analysis 
The evaluation of the transducer input and/or output electrical signal forms the basic 
analysis tool of electroacoustics. A number of references that discuss this analysis method, 
known as "immitance" analysis (Woollett 1966), are available (National Defense Research 
Committee 1946; Hunt 1953; HaU 1994). 
The electrical signal can be analyzed as both an impedance (V7/) and admittance (I/V). 
Different, yet highly complementary information, will be gained from the two reciprocal 
functions. The development and discussion of the impedance and admittance will provide 
the basis for evaluating the transducer performance in terms of coupling, efficiency, losses, 
and quality of performance. 
6.2.2.1 Electrical impedance 
It is assumed that force output from the transducer acts on a load with a mechanical 
impedance ZL = F/v. Therefore, an impedance of equal magnitude in the opposite direction 
(ZL = -F/v ) is seen by the transducer. Using this, equation 6.2 can be solved for v/I = 
-TMEKZM + ZL) and substituted into equation 6.1. Equation 6.1 can be rearranged to give V/I 
in terms of the transduction coefficients and impedances, resulting in 
V (-T T ) 
= 7 = Z. + ^ '"I"" = Z. + (6.8) 
^ Zm+ZL 
The total electrical impedance Zee is the sum of the blocked electrical impedance Ze, 
and the motional impedance term Zmot- The blocked electrical impedance is defined as the 
impedance observed if there is no transduction, for example when mechanical side is 
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prevented from moving or "blocked". The motional impedance is that part of the electrical 
impedance arising from transduction of mechanical motion, given as 
^ntot ~ , • (O-") 
The motional impedance term represents the interaction of the electrical and 
mechanical sides of the transducer and thus it provides a measure of the performance of the 
transduction element, such as the Terfenol-D core. Taking a closer look at the motional 
impedance term shows that this electrical mesh term is equal to the mechanical admittance 
(the inverse of the mechanical impedance), scaled by the complex transduction coefficients 
(.-TemTme)- Therefore, the electrical motional impedance term will provide an important 
measure of the mechanical behavior of the U^sducer"'". 
It is particularly helpful in the analysis of a transducer's performance to consider Zee, 
Ze, and Zmot as functions of frequency. The motional impedance can then be found from 
equation 6.8 as the vector difference between the measured total electrical impedance and the 
blocked impedance at each frequency. 
The total electrical impedance is examined graphically in Figures 6.2, 6.3, and 6.4, 
with data representative of Terfenol-D transducers. The magnitude and phase (bode plot) of 
the total impedance Zee is plotted versus frequency in Figure 6.2. Given the general complex 
forms for Zg and Zm, as described in Hunt, an alternative perspective is provided by the real 
Ree and imaginary Xge components of the total impedance (Zee = Ree + j ^ee) versus 
'''Although only the electrical functions are considered here, the mechanical impedance is also 
measurable at the output of the transducer and can be considered in the same manner. The 
total mechanical impedance Zmm, which is analogous to the total electrical impedance in 
F (T T } 
equation 6.8, can be written as = — = z„ +— 
V Z , + Z r  
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frequency, shown in Figure 6.3. The solid lines in these two figures indicate the blocked 
impedance magnitude Zg, real (Rg) or imaginary (Xe) components. The effect of the energy 
transduction, the Zmot term of equation 6.8, is seen as a variation from the blocked lines. If 
there were no transduction taking place, the magnitude of Zee, ^d components Ree and Xee, 
would collapse to the solid lines in Figure 6.2 and 6.3. The motional impedance variation 
from the blocked impedance is also seen in the Nyquist plot (Xee versus Ree) in Figure 6.4. 
In all three figures, the data was taken at 25 Hz intervals. For Figure 6.2 and 6.3, this 
results in evenly spaced data, however for Figure 6.4, the spacing of the data points is not 
uniform. Away from the resonance the data points are closely spaced, while over the 
mobility loop (around resonance) large changes in Ree and Xee result in the distribution of 
data points spreading out. The frequency increases clockwise around the mobility loop in 
Figure 6.4. 
The mobility loop provides easy access to information on the mechanical state and 
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Figure 6.2: The magnitude and phase of the total electrical impedance versus frequency (bode 
plot) for a typical magnetostrictive transducer. 
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Figure 6.3: The real and imaginary components of a typical Terfenol-D transducer's total 
electrical impedance versus frequency. 
Figure 6.4: Vector-impedance locus from a typcial Terfenol-D transducer. 
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parameters from equation 6.9 (zm, ZLJ and the mobility loop will provide information on 
the mechanical resonance, system losses, efficiency, and electromechanical coupling. 
The maximum magnitude of the motional impedance function is equal to the diameter 
of the mobility D^. At mechanical resonance of the system yi,, the reactive component of the 
mechanical (and external load) impedance is zero and Zm + ZL = Accordingly, the 
magnitude of the mobility loop diameter at the system mechanical resonance is 
a = z -T T ^ em* me (6.10) 
Thus, the mechanical resonance, fo, and the resonance of the motional impedance, /R, are 
equivalent. Figure 6.4 shows the "cross-over point" where the mobility loop crosses itself, 
labeled RF, and XB. The frequency of the point on the loop opposite the cross-over point is the 
impedance resonance^ in Figure 6.4. The distance between the cross-over point and fn is 
the diameter of the mobility loop. According to Woollett in some cases it is advantageous to 
define the circle by the diameter which is drawn from the blocked impedance through the 
cross-over point to//? (Woollett 1966). 
A dip angle of 2P is associated with Dz in Figure 6.4. Mathematically, this is due to 
the fact that the transduction coefficients (Tem and Tme) are vector operators; physically, this 
is explained by the dissipative effects inherent in the transduction process. The transduction 
coefficients were defined in equation 6.4 with the phase shift in equation 6.5, which is 
associated with the losses in the U^sduction process. 
A measure of the mechanical quality factor, Qm, can be found directly from the 
impedance mobility loop. The half power point frequencies, which are needed to calculate 
Qm based on equation 1.31, are found at ± 90 degrees from the resonance on the mobility 
loop. The quality factor determined from the impedance mobility loop, designated QR, 
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provides an accurate measure of the mechanical quality factor (National Defense Research 
Committee 1946). 
The mobility loop shown in Figure 6.4 is often assumed to be of equation 6.8. 
Assuming Zg is relatively constant over the frequencies of the mobility loop (the slope of the 
line Ze in Figure 6.2 is 'slight'), the change in Zg over the bandwidth of the mobility loop can 
be ignored. That is, the relative magnitude of the change in Ze is much less than the relative 
magnitude of Zmot over the mobility loop. In this case, all the above information needed 
from Zmot can be taken directly from the mobility loop in Zee- This is generally found to be a 
good assumption if the the mechanical quality factor is greater than ten (Hunt 1953). 
Otherwise Zg must be subtracted from Zee before the above parameters can be measured from 
^mot-
6.2.2.2 Electrical admittance 
Much of the analysis of the impedance function can also be made for the admittance 
function. The total electrical admittance Yee = W, is the reciprocal of the total electrical 
impedance Zee = Graphically, Yee is the geometric inversion of Zee with respect to unity. 
The total electrical admittance Yee can be broken up into the blocked admittance terra Ye and 
the admittance mobility term Ymou 
l'„=|: = n+ !'«„• (611) 
The electrical admittance will also be complex Yee = Gee + j^ee- Defining the blocked 
electrical admittance as the reciprocal of the blocked electrical impedance (Fg = l/Zg), it can 
be shown that Ymot will not be the reciprocal of Zmot but is instead 
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Y V ^ I lo-v 
^mOt~ ,( T T / • 7 ^ •  ( 0 -12) 
These functions can then be analyzed in the same manner as the impedance functions. 
Figures 6.5, 6.6 and 6.7 show a bode plot of the admittance function, the admittance real and 
imaginary components versus frequency, and the vector-admittance real and imaginary loci, 
respectively. 
In a manner similar to the impedance mobility loop analysis, the cross-over points Gb 
and Bb are used to define the diameter of the admittance mobility loop Dy and the resonance 
/A, shown in Figure 6.7. The mechanical quality factor from equation 1.31 can be determined 
with the half power point frequencies located at ± 90 degrees from the resonance on the 
admittance mobility loop. Interestingly, this measure of QM, designated Qy, does not include 
losses (National Defense Research Committee 1946; Woollett 1966). For a system with no 
losses associated with its blocked inductance (leakage flux), there should be no dip angle 
associated with the admittance mobility loop. More typically a slight counterclockwise dip 
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Figure 6.5; The magnitude and phase of the total electrical admittance versus frequency 
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6.2.2.3 Relationship between impedance and admittance 
As described above, the total electrical impedance and admittance functions are 
reciprocals of one another, as are the blocked impedance and admittance functions. The 
mobility functions have a more complicated relationship, as seen by comparing equations 6.9 
and 6.12. These relationships are discussed in more detail by Hunt, The total electrical 
impedance function Nyquist plot shown in Figure 6.8b is the sum of the impedance mobility 
loop (Zmot) and a larger blocked impedance loop (Z^). The geometric inversion of this figure 
produces the total electrical admittance function shown in Figure 6.8a. Here, the blocked 
admittance (1/Zg) is a vertical line with the admittance mobility function Ymot seen as the 
loop connected to it. These circular impedance and admittance mobility loops, which occur 
around the mechanical resonance, were seen in Figures 6.4 and 6.7, respectively. 
These theoretical figures describe a system where the transducer's first mechanical 
resonance occurs at much lower frequency than the electrical resonance. In Figure 6.8 the 
arrows indicate the direction of increasing frequency. Note that the scales of the two Nyquist 
plots are not the same. 
Im Im 
a) 1/Ze + Ymot b) Ze + Zmot 
Figure 6.8: Imaginary versus real components of a) (left) admittance and b) (right) impedance 
functions. 
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In summary, the relationship between the total impedance and admittance functions is 
well defined. The blocked impedance for a bandwidth of interest will be an arc of a circle, 
while the blocked admittance will be a straight line. Despite the fact that the impedance and 
admittance mobility functions describe circles in the Nyquist plot, there is not a simple, 
universal relationship between the functions. Both mobility loops clearly show the deviation 
from the blocked condition, thus they provide a complementary view of the transduction of 
mechanical energy to electrical energy. 
The resonant frequency from the impedance,^, and the resonant frequency from the 
admittance, together provide the information needed to determine many of the material 
properties of Terfenol-D. The effective magnetomechanical coupling coefficient for the 
transducer, kcc, can be found directiy from these two resonant frequencies,^ and^, as 
shown in equation 1.35 
These frequencies can be found directly from the mobility loops as shown in Figures 6.4 and 
The quality factor (equation 1.31) measured from the two mobility loops will be 
different (National Defense Research Committee 1946), with the quality factor from the 
admittance loop being larger. This is explained by the fact that the admittance function does 
not include the same losses as the impedance function. If the diameter of the admittance 
mobility loop in Figure 6.7 were horizontal there would be no losses. In the data shown in 
Figures 6.4 and 6.7 the dip angle of the impedance mobility loop {2p) is much larger than the 
angle of the admittance loop. The difference between the two loops is explained in more 
detail in the references (National Defense Research Committee 1946; Woollett 1966). 
6.7. 
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6.23 Transducer efficiency analysis 
The overall electromechanical efficiency for the transducer is an important figure of 
merit for optimization purposes as well as for comparing transducers. The efficiency T] can 
be expressed as the ratio of the power delivered to the external load connected at the output 
terminal (real component of the load impedance RL times the velocity v squared) to the 
electrical power accepted at the input terminal (real component of the electrical impedance 
Ree times the current I squared). This can be simplified by solving equation 6.2 for v/I = 
-Tm^{zn& resulting in the expression on the right-hand side of equation 6.13, 
^ _ mechanicaloutputpower _ _ RilTemf 
electrical input power R^^\lf 
Substituting \Z^t\ = (from equation 6.9) and Ree =Re + Rmot into equation 6.13 
yields 
n= ^ \ I r (6.14) 
The term Rmot is the real part of Zmot, which can be found from equations 6.9 and 6.4, (where 
is the real Component of the blocked electrical 
impedance. By multiplying the numerator and denominator by the complex conjugate of Zm 
+ ZLi an expression for Z^ot with real and imaginary components becomes 
mot I |2 
!m + 2£. (6.15) 
) - (i>L - XL)(X„ + X^) 
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Equation 6.14 can be rewritten to include the quality factor Q = Y^^, tuning factor^ 
p - complex transduction coefficient Tem = Rem + j^em- The factor 2Qp 
is given by 2Qp = • The second term in the denominator of equation 6.4 is 
k + Ztl = [C^n +«!.)'+ = (/^ + «j(l + 42 V)'^- (6-16) 
The tuning factor is a measure of how far the operating frequency is from the mechanical 
resonance; it is zero at resonance, less than zero for frequencies below resonance, and greater 
than zero for frequencies above resonance. 
After some algebraic manipulation the efficiency from equation 6.14 can be written as 
r] = f p \f D2 ^v2 ^Z. 
R,(J>„+ + 4e V) + Kl.-Xl,+ 4R^X,„Qp 
(6.17) 
The first term on the right-hand side is the ratio of the load resistance to the total 
mechanical resistance of the transducer. Thus, it is a measure of the mechanical efficiency of 
the transducer or the "mechanical power utilization efficiency". It should be noted that the 
second term on the right-hand side, the gross electromechanical efficiency, can be greater 
than one. Therefore it is not always possible to seperate the total efficiency of the transducer 
system into an electromechanical and mechanical efficiency (Hunt 1953 pp 123). 
t It is interesting to note that a term similar to the tuning factor is seen in the vibrational 
analysis damping factor, measured using the frequency phase method: 
tanr, where r is the phase between the measured output (acceleration) and 
2 1 /  f o  
input force (James, Smith et al. 1989). 
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An alternate form for the efficiency (Hunt 1953) can be developed with the real and 
imaginary components of the mechanical and load impedance (zm + zl) rather than the 
quality factor Q and tuning factor p, 
^(^,+11)' + + xj X}„)+2R,„X^(X„ + Xj • 
This can be further simplified by adding the terra - Rem^em =0 to the denominator 
and grouping terms, resulting in 
V = 
[r,{R„ + - Xi] + [R,{X„ + Xj + R,„X,„] • 
(6.19) 
The efficiency of the transducer in converting electric power into mechanical power 
has been developed in two forms (equations 6.17 and 6.19) which will now be manipulated to 
determine the maximum efficiency with respect to frequency of operation and mechanical 
load. 
6.2.3.1 Efficiency at mechanical resonance 
The efficiency as a function of frequency is characterized succinctly by equation 6.17, 
where the frequency dependence with respect to resonance is seen in the tuning factor p. At 
resonance, p goes to zero and the efficiency becomes 
D p2 , y2 
TJ = —^^7 (6.20) 
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This equation can also be derived from equation 6.19, by considering that the imaginary 
component of the mechanical impedance QCm+Xi^ goes to zero at the mechanical resonance. 
6.2.3.2 Efficiency optimized with respect to frequency of operation 
It is often assumed that the operation at mechanical resonance will be the most 
efficient However, the efficiency can be improved gready from its resonant value. This can 
be seen by considering that the efficiency will increase if the squared term in the denominator 
—R X 
of equation 6.19 is set to zero by taking X„ + Xi^= as opposed to the condition at 
resonance where = 0. 
This optimization can be accomplished more rigorously by considering equation 6.17. 
The efficiency can be optimized with respect to the tuning frequency by setting = 0, 
This assumes that the other terms in equation 6.17 are not functions of p and therefore do not 
change with frequency. 
The imaginary component of the transduction coefficient, Xem, represents losses in 
the transduction process. If these losses go to zero, Xem goes to zero, and to satisfy equation 
6.21, p must equal zero. This means that the efficiency is maximized at the mechanical 
resonant frequency. In general this will not be the case, because various losses will occur in 
the operation of the transducer. The frequency of maximum efficiency can be found by 




Tuning frequency pE can be simplified in terms of the mobility loop diameter Di and 
loss angle 2/3 to give 
(6.23) 
The term D£,sin 2^ is the negative of the imaginary component of the mobility (Zmot) 
measured at mechanical resonance^, Xmot(fo)^ which will be shown later to have graphical 
significance. Thus, 
^mot(fo) (6 24) 
Finally, solving for the frequency of maximum efficiency fE based on the definition of pE 
given above, 
fE=A{pE±^PE + i)- («-25) 
As seen in equation 6.22, when Rem and Xgm ate of opposite sign, pg will be greater than 0 
and the maximum efficiency frequency will be higher than the resonant frequency. 
The above development can be clarified by replacing 2Qp in equation 6.17 using 
X 2Qp = • It can now be seen that the efficiency reaches a maximum when + X/, = -
tn L 
RemXem/Re- This means that the mechanical reactance (stored mechanical energy) can be 
"tuned" to maximize the transducer efficiency. 
The efficiency of operation at fE, the maximum efficiency frequency, can be 
determined by substituting equation 6.22 for pE into equation 6.17. This can be 
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accomplished more easily by taking the condition of tuned mechanical reactance and 
substituting it into equation 6.19. The results are the same in both cases, giving 
+Ri.)+sLIs.Cf™+Rt) - xL] • 
6.2.3.3 Gain in efficiency with frequency 
The gain in efficiency by operating at/£ rather than/o can be quantified by taking the 
ratio of the maximum efficiency over the efficiency at resonance. Dividing equation 6.26 by 
equation 6.19 results in 
d2 . y2 
= 1+ r—7 Tu T ^ ;-T • (6.27) 
Equation 6.27 shows that, as the transduction losses increase Xem, the gain in efficiency for 
operation HI/E increases over the efficiency at resonance. 
6.2.3.4 Efficiency optimized with respect to frequency and load 
The efficiency can be maximized with respect to the mechanical load in addition to 
the frequency of operation. If the efficiency is maximized with respect to frequency and load 
simultaneously, the highest potential efficiency of the transducer is obtained. This is the 
highest efficiency of operation possible under the most advantageous conditions. If the 
derivative of equation 6.26 with respect to the dissipative component of the mechanical load 
RL is set to zero, RL can be found. Substituting R^ back into equation 6.26 results in 
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^pot (6.28) 
jf2 Since the efficiency is real, R„ > and the efficiency will never be greater than unity. 
6.2.3.5 Graphical determination of efficiency 
The above analysis of the efficiency can also be accomplished graphically by plotting 
the electtical impedance real versus imaginary components. The mobility loop shown in 
Figure 6.4 provides a quick visual identification of the resonance /R, which occurs at the 
frequency which falls opposite the cross-over point The vector Dz is at an angle 2^ from the 
horizontal through the cross over point X. The frequency increases around the mobility loop 
in a clockwise manner. 
The frequency of maximum efficiency can be found from the following graphical 
technique described in detail by Hunt (Hunt 1953). The determination of the frequency of 
maximum efficiency requires only the impedance mobility loop as shown in Figure 6.9. A 
horizontal line is drawn through point A, the center of the mobility loop, intersecting the 
mobility loop nearest the imaginary axis at point B. A horizontal line is drawn between point 
C on the imaginary axis, with coordinates (0,Xg), and the cross-over point X. Another line is 
drawn between point C and point B on the mobility loop. The angle dm is defined by the 
lines CX and CB. A new vector which intersects the mobility loop at^, the frequency of 
maximum efficiency, is found at an angle dm clockwise from diameter of the circle, vector 
Dj. Note that some of the parameters in equations 6.13 to 6.28 are seen in Figure 6.9. 
Based on the graphical method for detemining the efficiency described above, the 
equations for the efficiency (equations 6.20, 6.26 and 6.28) can be developed in terms of 
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TRe3<i5I 
Figure 6.9: Graphical method for determining the frequency of maximum efficiency. 
graphical parameters from various loading conditions as per Hunt. As the resistive 
component of the load increases, the diameter of the mobility loop decreases. A loaded 
case, with resistive component Ri of the external load, results in a mobility loop of diameter 
DL. An unloaded case, which has no resistive component to the external load, results 
in a mobility loop of diameter Dy. The efficiency at resonance (equation 6.20) can be written 
in terms of these two mobility diameters and parameters from Figure 6.9 as 
( D ^ - D L) ^ ^29) 
" Dy (R^ + D[^cos2p) 
Similarly, the efficiency maximized with respect to frequency (equation 6.28) is 
T j ^  =  Di^cos^d^ 
£>„ [/?j + cos d„ cos(2p + d„)] 
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The ratio of the maximum efficiency to the efficiency at mechanical resonance (equation 
6.26) becomes 
^ {R,-^D,cos2P) , 
TJO [/^ + DL COS d„ cos(2p + d„)] 
In contrast with equations 6.29 and 6.30, improvement in efficiency (equation 6.31) requires 
impedance measurements at only one loading condition (Pi). The fraction in equation 6.31 
is the total resistance at mechanical resonance over the total resistance at the maximum 
efficiency, which can be determined graphically from Figure 6.9. The potential efficiency 
from equation 6.28 can be rewritten as 
• ID • 
where Rmax and Rmin are found in Figure 6.9 as the maximum and minimum real components 
on the mobility loop. 
63 Application to Terfenol-D transducer 
The theory developed in the last section is applied to a magnetostrictive transducer in 
this section. 
6.3.1 General issues 
The electrical impedance and admittance functions, formed from the electrical current 
and voltage, are used to analyze performance of Terfenol-D transducers. Examples of the 
performance of Transducer #2 are shown in Figures 6.10 through 6.12. Figure 6.10 through 
6.12 represent data from a real transducer and deviations are seen from the ideal performance 
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discussed in the last secdon. The bode plot of the total electrical impedance in Figure 6.10 
shows three distinct mechanical resonances, which are believed to be the first through third 
axial modes of the Terfenol-D core. The Nyquist plot of the total electrical impedance in 
Figure 6.11 also shows the three mobility loops positioned on the approximately one quarter 
arc of the blocked impedance loop. This provides evidence that the electrical impedance is a 
first order system which goes through an electrical resonance at a frequency far above the 
first mechanical resonance. In both figures the blocked impedance, based on an estimated fit 
at frequencies above and below the first resonance, is seen as a dashed line. Finally, the total 
electrical admittance Nyquist plot is shown in Figure 6.12. While the second and third 
mechanical resonances are present, they are difficult to see in the figure. For the transducer 
examined here, the counterclockwise dip angle of the admittance loop is noticable. 
Therefore, losses are included in the blocked impedance and admittance. It has been 
suggested that the magnitude of this dip angle provides a useful measure of system losses and 
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Figure 6.10: Magnitude of the total electrical impedance versus frequency for transducer #2. 
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Figure 6.11: Nyquist plot of the total electrical impedance showing arc of the blocked 
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Figure 6.12: Nyquist plot of the total electrical admittance for transducer #2. 
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In order to determine the electrical impedance and admittance shown in the above 
figures, the voltage and current to the transducer are needed. For a magnetostrictive 
transducer these are readily measurable parameters. The voltage V is measured across the 
excitation coil and current / is measured in the excitation coil. The pick-up coil described in 
Chapter 2 can also be used to determine the voltage. The pick-up coil provides a measure of 
voltage which is closely related to the magnetic flux density (equation 1.12); it is often 
wrapped directly on the Terfenol-D rod so there is less flux leakage associated with it than 
with the drive coil. A comparison of the voltage measured across the pick-up coil and 
excitation coil is shown in Figure 6.13 as the bode plot of the transfer function between the 
two signals. The change in phase and magnitude with frequency indicates that the two 
voltages, and hence the electrical impedance and admittance functions derived from them 
provide different measurements of the system. The pick-up voltage is more closely linked to 
the magnetization of the Terfenol-D core and, therefore, provides a better measure of the 
magnetomechanical relationship. The excitation voltage shows the influence of the power 
supply amplifier and is a better measure of the electromechanical relationship. With these 
differences in mind, the preference of the the impedance and admittance of the transducer 
based on the pick-up voltage or excitation voltage is left to the user. 
One of the difficulties of the impedance and admittance analysis method is the 
sensitivity of the resonant frequencies,//; and^, to the shape of the mobility loop. A well-
behaved, high-Q, resonating transducer, will generally produce high quality, or "round" 
circles, which facilitate the accurate identification of the resonant frequencies of interest. 
There are several reasons why an impedance or admittance mobility loop would not be 
circular in shape. First, spurious mechanical resonances, such as those due to transducer 












Figure 6.13: A bode plot of the transfer function of the voltage across the excitation coil to 
the voltage across the pick-up coil for Transducer #2. 
additional circles inside the mobility loop. Second, variations from a true circle are expected 
in real life tests because of losses due to hysteresis and eddy currents. These losses will tend 
to increase the resistance, the real component of the impedance, resulting in a more oval 
shape. 
The impedance and admittance functions, in particular the shape of the mobility 
loops, provides a means for identifying changes in transduction capability due to operating 
conditions and other factors. Although the blocked impedance and admittance define the no-
transduction limit, changes in the energy state of the Terfenol-D core due to operating 
conditions are reflected in the blocked functions. Results related to the mobility loops and 
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As shown in equation 6.10, the diameter of the mobility loop is inversely proportional 
to the mechanical resistance. As the mechanical resistance of the load increases the diameter 
of the mobility loop will decrease. 
Changes in the electrical impedance with mechanical prestress and magnetic drive 
level (as seen in Chapter 3) provide a powerful means of analyzing the transducer and 
Terfenol-D core performance. Figure 6.14a and b show the impedance functions versus 
frequency for four magnetic drive levels and four prestresses, respectively. The slope of the 
blocked impedance increases with increasing magnetic drive level and decreases with 
increasing prestress. The corresponding impedance and admittance mobility loops show the 
diameter of the mobility loop increasing slightly with magnetic drive level and a more 
complicated change taking place with prestress. These results indicate that the sensitivity of 
the Terfenol-D transduction process to operating conditions can be analyzed with impedance 
and admittance analysis. Similar results have been reported for other transducers (National 
Defense Research Committee 1946). 
Finally, the effect of laminating the Terfenol-D core is seen in the slope of the 
blocked impedance and the diameter of the mobility loop. Figures 6.15a shows a bode plot 
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Figure 6.14: Impedance functions from Transducer #2 for a) (left) changing prestress and b) 
(right) changing magnetic drive level (corresponding to Figures 3.20a and b). 
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of the impedance functions from the same transducer operated under the same conditions 
with a solid FSZM and a laminated FSZM Terfenol-D sample. In order to accent the effects 













Figure 6.15: Comparison of the total electrical impedance a) (top) bode plot and b) (bottom) 
Nyquist plot for the same transducer with a solid and laminated Terfenol-D core. 
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6.3 J, Optimization of performance 
Two interesting possibilities for evaluating the performance and optimizing the 
design of Terfenol-D transducers are based on the efficiency development given in section 
6.3.1. The discussion showed that the efficiency could be maximized with the resistive 
component of the external load RL. The external load can be considered everything external 
to the Terfenol-D core, including, for example, the resistive component of the prestress 
mechanism (as discussed in Chapter 2). Thus, the prestress mechanism could be adjusted to 
maximize the efficiency of the transducer for applications with a known external load. In 
addition, it is conceivable to maximize the efficiency with Rm rather than RL- This also 
facilitates the evaluation the performance of the Terfenol-D core for a given application and 
under given operating conditions. 
6.3 J Experimental results 
The electroacoustic theory will now be applied to help analyze the experimental 
performance of Terfenol-D transducers. The motivation for this experimental work grew 
from the realization that the mechanical output from a magnetostrictive transducer did not 
completely describe the transducer performance. Plots of mechanical output versus 
frequency show distinctly different characteristics from the efficiency, as measured by the 
mechanical output power delivered to the load over the electrical power accepted at the input 
terminals of the excitation coil. The mechanical resonance is clearly seen in a plot of 
displacement per input current as a function of frequency in Figure 6.16, the resonance^ at 
3.3 kHz has a maximum value of 4.25e-5 m/A. However, the measured efficiency versus 
frequency in figure 6.17 shows a distinct peak/£ at 3.4 kHz which is twice as efficient as 
operation at resonance JR. The difference between these two methods of optimizing 
performance, either maximizing mechanical output or maximizing efficiency, has a 
significant impact on transducer design and operation. This tradeoff can be analyzed for a 
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Figure 6.16: Displacement per current calculated from the acceleration output at each 
frequency. ^ is the frequency of the mechanical resonance,^ is the frequency of maximum 
efficiency for transducer #2. 
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Figure 6.17: Normalized efficiency versus frequency measured as the mechanical output 
supplied to the load over the electrical input into the drive coil for transduer #2. 
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Terfenol-D transducer as operated, providing an excellent tool to investigate the ramifications 
of electroacoustic theory. 
The investigation of the difference between operation at mechanical resonance and 
maximum efficiency frequency draws upon the theoretical efficiency development of section 
6.3.2 and prior experimental analysis from Chapter 2. 
Figure 6.18 shows the magnitudes of the total blocked, and motional electrical 
impedance versus frequency (Zgg, Zg, and Zmot)- The blocked impedance was found by 
estimating Re and Xe above and below the resonance. The motional impedance Zmot was 
found by subtracting Zg from Zee at each frequency. The variation of the blocked impedance 
near the first resonance was considerable, as shown in Figure 6.18 between 2000 and 4000 
Hz. The mechanical quality factor was estimated at 10.5, thus the system is not "high-Q" as 
assumed in the theoretical development and Zg should be subtracted from Zee prior to 













Figure 6.18: Magnitude of the total electrical impedance, blocked impedance, and motional 
impedance versus frequency. 
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The Nyquist plots of the impedance and admittance in Figure 6.19 a and b show the 
two mobility loops. The resonant frequency of the impedance mobility loop /R occurs at 
3285 Hz, while the resonant frequency of the admittance mobility loop^ occurs at 3400 Hz. 
Figure 6.19a also shows the 2P angle of 17.2° and = 28 Q and Xf, = 87 Q. The mechanical 
quality factors determined from the half power points of the two loops result in Qz = 10-5 and 
Qy=14.2. 
The discussion with regard to Figure 6.9 can be used to determine the frequency of 
maximum efficiency. Equation 6.34 gives the angle from the motional resonance to the 
frequency of maximum efficiency as 
ane„ = 2ep = -5^. (6.34) 
This results in 9m =28.2°. The tuning factor at the maximum efficiency point is given by 
equation 6.24 as 0.026, resulting in a frequency of maximum efficiency (equation 6.25) of 
3375 Hz. 
The highest efficiency possible for this transducer under any conditions (for the given 
prestress and magnetic bias), given by the potential efficiency of equation 6.32, is calculated 
as 0.36 (36 %). As operated, the transducer electromechanical coupling factor can be 
determined from equation 1. 35 as 0.26, which is a relatively low value for this type of 
transducer. The increase in efficiency at the electromechanical resonance over the efficiency 
at mechanical resonance is given by equation 6.31. 
The classical eddy current losses versus frequency provide some explanation for the 
difference in operation at mechanical and electromechanical resonance. The classical eddy 
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Figure 6.19: Nyquist plot of the a) (top) the electrical impedance function and b) (bottom) 
electrical admittance function. 
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/>£C=-^f—1 (6-35) 
dx-D is the diameter of the Terfenol-D rod, p is the resistivity, nominally 60E-8 ilm, and |3 is 
a geometric factor, which is 16 for a cylinder. For a sinusoidal excitation at low to medium 
frequency, assuming complete flux penetration, the eddy current power loss can be written as 
(JUes 1993; Jiles 1994). 
PEC = (g 
PPgf 
Figure 6.20 shows the classical eddy current losses in Watts/m^ computed from equation 
6.36 for the same tests shown in Figures 6.15 through 6.19. The minimum losses occur at a 
frequency band from 3.4 to 3.55 kHz after reaching a peak of over 500 W/m^ at 3.3 kHz. 
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Figure 6.20: Classical eddy current loses in Watts versus frequency, computed from equation 
6.36. 
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Figure 6.16 showed that the maximum strain per unit applied field occurs at 3.3 kHz, 
however. Figure 6.20 clearly shows that the losses also peak near this frequency before 
falling off at higher frequencies. Since the system's efficiency decreases as losses increase, 
the efficiency will be much higher at 3.4 kHz where the mechanical output is approximately 
70% of the mechanical resonant value, but the eddy current losses have dropped 
dramatically, from over 500 W/m^ to less than 5 W/m^. These results might have been 
anticipated since the mechanism which drives the displacement, the magnetization of the 
material, is also responsible for the eddy current losses. 
The data was also analyzed by overlaying the FRFs of the XJH and XIM, similar to 
Figures 3.12 and 3.14. The magnitudes of these functions are shown in Figure 6.21. A 
distinct peak is seen in TJH at 3300 Hz, while a peak in }JM is seen at 3440 Hz. In addition. 
Figure 6.21 contains a measured efficiency output mechanical power over input electrical 
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Figure 6.21: The magnitude of the FRFs of K/H, TJM, and normalized power. 
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The results presented above are interpreted as follows. The resonance of the 
impedance mobility loop fy (3285 Hz) is a measure of the mechanical resonance of the 
transducer system fo given by the strain per applied magnetic field FRF (3300 Hz). The 
resonance of the admittance mobility loop/i^ (3400 Hz) is a measure of the electromechanical 
resonance of the system, which corresponds to the frequency of maximum efficiency /E 
(3375 Hz). Interestingly, the peak in the strain per magnetization FRF provides a fair 
measure of the electromechanical resonance frequency. 
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7. CONCLUSIONS 
As stated in the preface, the goal of this dissertation is to increase understanding of 
Terfenol-D transducers. The conclusions reached in the course of this investigation are 
summarized in Section 7.1. Section 7.2 is devoted to a more general discussion of issues 
pertinent to Terfenol-D transducer technology and application. 
7.1 Dissertation conclusions 
The experimental analysis of two Tonpilz Terfenol-D transducers shows the effect of 
mechanical prestress, magnetic bias, magnetic drive level, and frequency (Chapter 3). The A-
H, M-H, and X-M relationships are investigated with frequency response functions and major 
and minor hysteresis loops. These results show that various measures of the transducer 
performance, such as material properties, quasi-static and dynamic mechanical output, and 
Terfenol-D core magnetization, can be optimized with prestress, magnetic bias, and 
frequency. The interaction of operating conditions is also examined, including the bias 
condition determined by the magnetic bias and mechanical prestress. 
An energy model based on the Jiles-Atherton model of ferromagnetic hysteresis is 
used to simulate the quasi-static performance of a transducer under a variety of operating 
conditions, including mechanical prestress, magnetic bias, and magnetic drive level (Chapter 
5). The six model parameters, which are determined by identification methods, are found to 
be very robust with respect to the operating conditions. This allows predictive capability 
within the ranges of operating conditions considered. Simulations of the Terfenol-D core M-
H relationship is accurately modeled while the X-H shows some shortcomings at high 
magnetic drive levels due to the use of a quadratic X-M magnetomechanical model. 
Dynamic transducer performance is investigated with the electroacoustic model of 
transduction (Chapter 6). The electrical impedance and admittance functions are shown to be 
useful tools for evaluating the Terfenol-D transducer performance under different operating 
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conditions and for changes in the Terfenol-D core material. In addition, this analysis method 
provides a natural way to identify system resonances and to maximize system efficiency. 
The Terfenol-D transducer mechanical resonance is distinguished from the electromechanical 
resonance, which represents the frequency of maximum efficiency. 
12 Discussion of issues 
Many issues related to Terfenol-D transducer applications, the utilization of the 
Terfenol-D core, transducer component design, and transducer performance analysis and 
modeling, are discussed throughout this dissertation. The following is an overview of some 
issues which should prove helpful to the Terfenol-D transducer designer. 
The key to successful utilization of a Terfenol-D transducer is to consider the targeted 
application. The scope of the modeling and nature of the design considerations of the 
transducer system are derived from the transducer's purpose. The model regimes of interest, 
discussed in Chapter 4, should be based on the application requirements. For example, in 
some applications, it would be beneficial to model the power supply amplifier as part of the 
transducer system. Section 2.2.5. 
The transduction capability of Terfenol-D allows a range of unique applications to be 
considered. The utilization of the other modes of transducer operation, from Chapter 2, 
expand the usefulness of the Terfenol-D transducer system. The transduction of mechanical 
energy to electrical energy allows sensing, passive damping, and electrical power generation. 
The operating conditions, defined by the magnetization, stress, and temperature of the 
Terfenol-D material, are the key to understanding the performance of a transducer. The 
transducer components are responsible for determining the operating conditions, and 
significantiy influence performance as suggested by the difference in performance under a 
large prestress imposed by a static load (Figure 1. 10) and a belleville washer prestress 
assembly (Figures 3.1 and 3.3). 
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Experimental work shows a range of performance exhibited by Terfenol-D (Chapter 
1) and Terfenol-D transducers (Chapter 3). Changes in performance with prestress (Section 
3.2), magnetic bias (Section 3.3.1), magnetic drive level (Section 3.3.3 and 3.3.5), and 
frequency of operation (Section 3.3.4) are considerable. The operating conditions interact as 
shown in Section 3.4. For example, the magnetic bias and mechanical prestress interact and 
can be optimized together as a bias condition (Section 3.4.1). The optimization of material 
properties with operating conditions, discussed in Section 3.5, shows peaks in coupling and 
dynamic strain coefficient with bias condition. The maximum efficiency of operation can be 
reached by operating at the electromechanical resonant frequency (Chapter 6). 
This rich performance space leads to increased design flexibility and unique 
capabilities. The ability to move or mne the transducer's first mechanical resonant frequency 
(Section 2.2.7) provides a number of advantages for the Terfenol-D transducer operation. 
The ability to target the transducer resonance provides increased design flexibility and allows 
optimal system effectiveness. In particular, applications which require a single frequency of 
operation, for example a reaction mass actuator for active noise and vibration control, stand 
to benefit from this capability. 
Operation at or around the mechanical resonant frequency has a significant impact on 
the transducer performance and efficiency. The total strain output increases significantly 
around the resonant frequency, with a magnification factor of over three in the FRF of XIH. 
In addition, the axial strain coefficient, permeability and other measures of the system and 
material performance are dependent on frequency of operation (Chapter 3). Eddy current 
losses peak near the system mechanical resonance and greatly decrease just above resonance. 
The efficiency of the transduction process is very sensitive to frequency around resonance, 
peaking just above resonance near the "anti-resonant" frequency of the system (Chapter 6). 
Numerous models are available for Terfenol-D and Terfenol-D transducers (Chapter 
4). Of these models, two are employed to show that the rich performance of Terfenol-D can 
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be explained, simulated, and even predicted. An energy-based model (Chapter 5) is 
successful in modeling the quasi-static performance of the transducer under a variety of 
prestresses, drive levels, and magnetic biases. The model is surprisingly robust with respect 
to model parameters allowing predictive capability within ranges of operating conditions. 
The electroacoustic model (Chapter 6) allows analysis in the frequency domain, where 
mechanical resonance and other frequency dependent effects are clearly identified. The 
effect of operation at the electromechanical resonance as opposed to the mechanical 
resonance can be quantified and explained. In addition, the effect of the Terfenol-D core on 
the performance at frequencies away from resonance is described by the blocked electrical 
impedance. Ideally, the successful energy-based model will be extended to describe dynamic 
performance and be incorporated into a broader framework such as that provided by the 
electroacoustic model. 
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APPENDIX A: TERFENOL-D REFERENCES 
Magnetostriction is a growing field with more work available every year. A review 
of magnetostriction can be found in many magnetism and physics texts. In addition 
manuscripts which provide a more thorough treatment of the topic can be found. Some of the 
best were written long before the discovery of giant magnetostrictives^ but nevertheless 
provide very useful descriptions of magnetostrictive effects. Several books which provide 
overviews are given in the references (Bozorth 1951; Lee 1955; Cullity 1972; Chikazumi 
1984; Jiles 1991). Material which addresses GMM is also available (Clark 1980; 
Lacheisserie 1993), along with numerous dissertations (Reed 1994; Claeyssen 1989; 
Kvamsjo 1993; Thoelke 1993; Hall 1994; Cedell 1995; Pratt 1993; Pulvirenti 1996). 
Articles of interest to the engineer, scientist, or material specialist may be found in a 
variety of sources. The magnetics community generally uses Journal of Applied Physics, 
Journal of Magnetism and Magnetic Materials, and IEEE Transactions of Magnetism. The 
material scientist often use some of the above as well as Metallurgical Transactions. Smart 
material and smart structure engineers publish in the Journal of Intelligent Material Systems 
and Structures. In addition there are numerous conferences and meeting which publish 
proceedings. 
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APPENDIX B: VECTOR NOTATION 
The vector notation used in this dissertation is described in this appendix. Planes of a form 
are given by rounded brackets. For example, the six faces of a cube are (100), (010), (001), 
(100), (010), and (00 1). The 1 indicates a negative direction. The indices of any one form 
in a bracket, such as {001}, represent the entire set of forms. Directional indices are 
represented by square brackets, for example the edges of a cube are [100], [010], [001], 
[100], [0 10], and [001]. The entire set is designated by any one direction in pointed 
brackets <100>. 
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APPENDIX C: EDDY CURRENTS 
Eddy currents and AC losses are an important area to address since they adversely 
impact performance at higher frequency. There are many sources of background for the 
effects of eddy currents on Terfenol-D in literature. Work directly related to Terfenol-D has 
been completed by Kendall and Piercy (Kendall and Piercy 1993). They provided 
experimental measurements of the changes in the piezomagnetic parameters with frequency 
for different magnetic biases. Greenough and Schulze found that classical (macroscopic) 
eddy currents describe the complex permeability (Greenough and Schulze 1990). They 
compared experimental measurements of the permeability with theoretical values of 
permeability modified by the eddy current factor. The theory is found to fit experimental 
data well, except at small applied fields at low frequencies. 
The physical origin of eddy current losses in ferromagnetic materials requires an 
understanding of the microscopic dynamics of the magnetization process (Bertotti 1984). 
Complex interaction between domain walls and with lattice defects contributes to sudden 
changes in magnetization; this provides an explanation for the Barkhausen effect When a 
wall segment loses its stability it jumps to a new equilibrium position (where the energy of 
the system is minimized). Due to the strong coupling among domain walls, this causes a 
perturbation of the surrounding domain structure. Additional walls are then forced to jump 
within a short time interval to return the system to equilibrium. This discontinuous process 
can be modeled stochastically, and the losses due to these localized domain wall jump 
computed. This simple description of the dynamic process illustrates the spatial and 
temporal clustering of the magnetization events which can be modeled statistically (Bertotti 
1984). These jumps are considered to be correlated or clustered in both space and time. A 
random sequence of correlated domain wall jumps can be described by a Markov process. 
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Micro eddy currents are induced around a magnetization jump, shielding the site for a period 
of time, and forcing new flux paths in the material. This characteristic time associated with 
the event is related to the decay time and hence the time of the magnetization jump, i.e. the 
frequency of the magnetization. 
It is the local interactions of the domain walls which produces excess or anamolous 
losses over those predicted by the classical eddy current theory. Classical eddy current loses 
assume a uniform flux variation in a sample cross section. The anamolous effect can be 
attributed to a magnetization rate which is not uniform but concentrated at domain walls. 
Another method to account for eddy current losses in a system is to compute the total 
energy dissipated due to the induced eddy currents. This approach, used by Jiles in several 
papers (Jiles 1994a, Jiles 1994b), has the advantage of simplicity and ease of implementation 
in a model. In the case of hysteresis modeling, eddy currents are a perturbation to the quasi-
static hysteresis. The disadvantages are the assumptions built into the formulation which 
limit its applicability. First, the magnetic skin effect is ignored, or magnetic field penetration 
assumed to be uniform through core. This assumption is reasonable for a thinly laminated 
core where the lamination thickness is less than the skin depth at the frequency of interest. 
Second the frequency of operation is low enough that magnetic relaxation and domain wall 
resonances can be ignored. Finally only losses in the Terfenol-D core are considered; 
proximity effects will cause losses in all other conducting materials linked by flux to the 
Terfenol-D core and excitation winding. In the case of a Terfenol-D transducer, the housing, 
permanent magnet, bolts, end pieces, and winding losses itself can all contribute to the total 
AC losses of the magnetic circuit 
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APPENDIX D: TERFENOL-D SENSOR MODELING AND 
OPTIMIZATION 
Abstract 
The relatively large strain and force output of raagnetostrictive Terfenol-D has led 
many researchers to focus on its uses for actuation. However, a Terfenol-D transducer can 
also be an effective sensor given the reciprocal nature of the raagnetoraechanical effects 
exhibited. In this paper a review of previous raagnetostrictive sensor designs and technology 
and the associated theory is presented. A raodel for the force measured with a Terfenol-D 
transducer used to sense both force and acceleration is developed based on coupled linear 
magnetomechanical constitutive equations. The model which assumes real, constant 
coefficients fails to account for AC loses and therefore fails to account for phase shift with 
increasing frequency. The sensitivity of the sensor to force input is shown to be the highest 
for low prestress. Experimental verification shows the model is robust with respect to input 
force levels. The magnitude of the force calculated based on the raodel matches the force 
measured with a standard PCB load cell from 200 to 3000 Hz, the region in which constants 
are a good approximation of the raodel coefficients. 
Background 
Magnetostriction is the change in the shape of a material due to a change in its 
magnetization. On a fundamental level, the change in dimensions results from the interactive 
coupling between an applied magnetic field and the magnetic moments of the material's 
individual domains. Giant raagnetostrictive Terfenol-D (Tbx Dyi-x Fey), an alloy of rare 
earths Dysprosium and Terbium with 3d ti^sition metal Iron, is capable of bulk saturation 
strains in excess of 2000x10"^ at moderate magnetization levels at room temperature. 
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Terfenol-D is currently produced in a variety of forms, solid (monolithic), powder (GMPC, 
giant magnetostrictive powder composite), and thin films. Its use as an actuator in 
applications requiring large displacements at both high and low frequencies is well 
documented, with applications including broadband shakers, surgical instruments, ultrasonic 
transducers, and many others. 
Early work with magnetostrictives such as nickel, iron, and permalloy identified 
many uses for magnetostrictives as sensors as well. Some of the earliest uses of 
magnetostrictive materials from the first half of this century include telephone receiver, 
hydrophones, and scanning sonar, which were developed with Nickel and other 
magnetostrictive materials that exhibit bulk saturation strains of up to 100x10'^. In fact, the 
first telephonic receiver, tested by Philipp Reis in 1861, was based on magnetostriction. 
Currently work continues to develop Terfenol-D applications as an actuator and as a sensor, 
including many scholarly papers and commercial patents. Examples of successful sensor 
designs include hearing aids, load cells, accelerometers, proximity sensors, torque sensors, 
magnetometers and many more. 
Sensing Effects 
Various aspects of the coupling between the magnetization of the material and its 
magnetostriction can be employed to sense parameters of interest. Several effects which 
have application for sensing are discussed briefly. The Joule effect, the first thorough 
documentation of the magnetomechanical effect in 1842, is a longitudinal change in length 
due to an applied magnetic field. A transverse change in length and the associated 
volumetric change is also observed. Although this effect is usually associated with the 
actuation capability, numerous sensor configurations rely on the excitation of the 
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raagnetostrictor to facilitate sensing. The Joule effect has an important reciprocal effect 
known as the Villari effect; a stress induced in the material causes a change in the 
magnetization. This change in magnetization can be sensed, and once calibrated, used to 
measure the applied stress or force. The Villari effect has been the subject of much research 
and has been employed in load cells, force cells, and accelerometers. Another effect of 
interest is the Wiedemann effect, a twisting which results from a helical magnetic field, often 
generated by passing a current through the magnetostrictive sample. Twisting a 
magnetostrictive element or magnetized wire causes a change the magnetization which can 
be measured and related to the external torque. Over fifty patents have been issued in the last 
ten years based on the inverse Wiedemann effect, also known as the Matteuci effect, for 
magnetoelastic torque sensors. 
Sensors based on Terfenol-D properties can be divided into three groups based on 
how the magnetomechanical properties of the Terfenol-D are used to measure the parameters 
of interest: 1. passive sensors, 2. active sensors, and 3. combined sensors. Passive sensors 
rely on the material's ability to change due to environmental stimulus to make measurements 
of interest. Passive sensors use the magnetomechanical effect such as the Villari effect to 
measure external load, force, pressure, vibration, and flow rates. Active sensors use an 
internal excitation of the Terfenol-D to facilitate some measurement of the Terfenol-D which 
changes with the external property of interest For example, temperature can be determined 
by measuring the change in permeability, which is a function of temperature, of a Terfenol-D 
sample excited in a known manner. Designs which employ two coils, one to excite the 
Terfenol-D and one for measurement, are known as transformer type sensors. The most 
common active sensor design mentioned in literature is the non contact torque sensor. This 
employs variations on a general theme of using a magnetosoictive wire, thin film, or ribbon 
wrapped around or near the specimen which is subject to a torque. The change in the 
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magnetic induction B can then be related to the torque on the specimen. Finally, combined 
sensors use Terfenol-D as an active element to excite or change another material which will 
allow measurement of the property of interest. For example a fiber optic magnetic field 
sensor uses the change in length of a magnetostrictive element in the presence of a magnetic 
field to change the optical path length of a fiber optic sensor. There are numerous examples 
of combined sensors, including those to measure current, shock (percussion) and stress, frost, 
proximity and touch. Stress can be measured using photo elastic material, and highly 
accurate displacement measurements made with the help of a magnetostrictive guide. Fiber 
optics and diode lasers have been used with magnetostrictive elements to measure magnetic 
flux density (magnetometers). NDE applications have also been developed, such as a 
corrosion sensor for insulated pipes. 
The existence of converse effects for each of the direct effects discussed above makes 
it possible for a magnetostrictive transducer to have two modes of operation, transferring 
magnetic energy to mechanical energy (actuation) and transferring mechanical energy to 
magnetic energy (sensing). As with many other transducer technologies such as 
electromagnetic (moving coils) and piezoelectricity, magnetostrictive transduction is 
reciprocal and a transducer has the ability to both actuate and sense simultaneously. 
Applications such as the telephone, scanning sonar, and others make use of this dual mode. 
For example a Terfenol-D sonar transducer can be used as either a transmitter or receiver or 
both at the same time. Another potential use of dual mode operation is in active vibration 
and acoustic control. One ttansducer can be used to sense deleterious structural vibrations 
and provide the actuation force to suppress them. Self-sensing control uses the sensed signal 
in a feedback loop to drive the transducer. Numerous papers have described this effect and 
shown its effectiveness. 
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Sensor Model 
A model of the Terfenol-D transducer must incorporate both actuation and sensing 
capability. This can be accomplished by considering the coupling between the mechanical 
and magnetic energy of a magnetostrictive material. Equations 1 and 2 are the low-signal, 
linear, magnetostrictive constitutive equations commonly used to describe magnetostrictive 
behavior. 
e = a/EyH + qH (1) 
B = q' <y + H (2) 
with strain e, stress a. Young's Modulus at constant applied magnetic field strength Ey^^, the 
magnetostrictive strain derivative (linear coupling coefficient) q (de/dHI(y), 
magnetomechanical effect q' (dB/daln), magnetic permeability at a constant stress 
applied magnetic field strength H, and magnetic flux density B within the Terfenol-D. The 
source of this equation is the linearization of the differential response of the e and B to 
changes in only two factors, the applied field H and stress a. It is not necessary to assume 
the coefficients (EyH, ii®, q, and qO are single valued or linear, however this is generally the 
approach taken. Temperature, which is not considered here, is the third factor usually 
designated as primarily affecting magnetic and therefore magnetostrictive change. Although 
the above variables are tensor quantities, only the axial direction will be considered, hence 
the subscripts indicating direction have been dropped. Several important assumptions are 
buUt into this magnetostrictive model. First, linear operation of the transducer is assumed. 
Although the magnetostrictive effect is nonlinear, for low signal levels, less than 
approximately one-third the maximum strain capability, the linear equations of 
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magnetostriction provide a good first approximation. Second, the magnetostriction process is 
assumed to be reversible according to 
^ dCT H dH 
=q (3) 
a 
where H is held constant for the first derivative and <T is held constant for the second. These 
two assumptions lead to a simplification of equations 1 and 2, since q = q'. Hysteresis 
evidenced in strain versus applied field plots proves this to be a poor assumption, however it 
provides a starting point for material modeling. This point will be considered in more detail 
later in this section. Finally, strain, stress, H, and B are assumed to be uniform throughout 
the Terfenol-D sample. 
Clearly the interplay between the mechanical and magnetic effects is important. 
Magnetic domain wall motion and domain rotation and hence mechanical strain are produced 
by both mechanical stress and by applied magnetic fields. Similarly, the magnetic induction 
B will respond to the applied field H, as well as the mechanical sttess. A first look at these 
equations tells much about the response of the material and the performance of a 
magnetostrictive transducer to external conditions. Increasing H will increase the strain 
output for a fixed prestress; similarly increasing the stress, which is compressive or negative 
in the equation, will decrease the strain for a fixed applied field. Magnetic induction B will 
increase with applied field H (or increased permeability) when the stress is kept constant and 
with decreasing Gess compressive) stress when the applied field is kept constant 
A simple model of the sensing capability of the transducer can now be developed. 
Solving equation 1 for H and substituting into equation 2 yields 
B = cy (q - /q Ey®) + 
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According to Faraday's law, the voltage induced in a coil of N turns and cross 
sectional area A surrounding the Terfenol-D sample is 
V=NA dB/dt = NA dCT/dt (q - \i<  ^/q Ey^) + N A de/dt H< /^q (4) 
assuming system parameters |i<^, q, and Ey^ do not vary with time. Of the three terms which 
make up the right hand side of equation 4, the first two are proportional to the time derivative 
of force (proportional to jerk) while the last is proportional to the time derivative of strain (or 
proportional to velocity). The first term would be the only one needed if the system could be 
decoupled and changes in magnetization were a result solely of impressed force. However 
since a model of the magnetomechanical effect requires the use of coupled equations that also 
incorporate the impact of an impressed force on the H field, the second terra, which is 180 
degrees out of phase with the first, and the final term, which is in phase with the first, must 
be included. 
For harmonic excitation equation 4 becomes 
V=NA(27cf)a (q - n® /q Ey®) + NAe(27tf) i^< /^q (5) 
The right side of equation 5 can then be evaluated to determine the relative size of the three 
terms. Typical values for the parameters in equation 5, taken from experimental woric and 
literature, are given in table 1. The first and second terras are the same order of magnitude, 
while the third terra is an order of magnitude smaller. (The third term would be equal in 
magnitude but opposite in sign to the second term if strain was simply stress divided by 
Young's Modulus, however equation 1 indicates this will not be the case.) Accordingly only 
the first and second terms of equation 5 will be used to compute the force (F=aA) based on 












Butler [9] 25-30 11.56e-6 15e-9 0.7-0.75 
ISU study [151 50-60 2.2-6.7 e-6 3-4.5 e-9 0.35-0.5 
Value used 60 2.2e-6 4.5 e-9 0.4 
the voltage induced in the coil surrounding the Terfenol-D core. The force measured by the 
Terfenol-D sensor can be found from equation 6. 
F = 
N(27tf) q-H°/{qEH) (6) 
Harmonic excitation was assumed earlier in the development, however equation 6 holds for 
any arbitrary signal if V/27cf is set equal to the integral of V with respect to time. This model 
will be compared with experimental data in the next section. 
In order to make the most sensitive Terfenol-D sensor, it is important to optimize its 
design and performance criteria. The transducer can be optimized with respect to prestress, 
magnetic bias, load and frequency of operation. Equation 6 shows the sensitivity V/F is 
directly proportional to the number of turns N. In addition the sensitivity increases as the 
ability of the material to magnetize increases (n® increases), and decreases as the material 
becomes less mechanically compliant (Ey^ increases). 
The ideal Terfenol-D sensor for measuring compressive forces would have the lowest 
magnetic bias that is sufficient to just align all the magnetic domains parallel with the axis of 
the applied stress. The magnetic bias or "critical field" which provides this alignment causes 
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a step change in magnetization and strain due to rotation of the domains from one easy axis 
to another located at a 90 degree angle. For sensing, the mechanical stress will rotate the 
domains causing a large change in magnetization which is measured as the sensing signal. 
Using a low critical field corresponds to a high sensor sensitivity, as the sensor has the least 
opposition to change by an external force. In general the critical field increases with 
increasing prestress, thus implying that use of the lowest allowable mechanical prestress will 
result in the most sensitive sensor. 
Equating q and q' as shown in equation 3 is based on thermodynamic equilibrium, 
assuming a reversible magnetization process with no losses. This implies that operating 
Terfenol-D under conditions that maximize the magnetostrictive strain derivative de/dHI(j, 
for increased actuation, will simultaneously result in a large magnetomechanical effect 
dB/dalH , causing an increased sensing capability to be realized. Thus the optimization of the 
actuation capability (q) should correspond to an optimization of the sensing sensitivity (qO 
and increased efficiency for actuation translates into increased sensitivity for sensing. This 
conclusion is mentioned in the Naval report, "The design and construction of 
magnetostriction transducers" (dated 1946, pg. 370), referring to the design of a 
magnetostrictive scanning sonar transducer: "Higher efficiency of the transducer as a 
transmitter gives it greater sensitivity as a receiver." This implies that the transduction 
process is reciprocal in nature. In other words, energy can be transferred from the 
mechanical to magnetic state (sensing) most efficiently under the same conditions for most 
efficient energy transfer from the magnetic to the mechanical state (actuation). 
Earlier work by the authors has shown peaks in performance, in particular q, with 
prestress and magnetic bias. When the transducer used in this study was operated as an 
actuator a peak in q was found under a bias condition of 6.9 MPa (1.0 ksi) and 33.2 kA/m 
(415 Oe). Therefore one might expect that when the transducer is operated as a sensor a 
similar peak in sensitivity will be found under die same bias conditions. This is in contrast 
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with the physical argument regarding overcoming the critical field presented above. 
However, neglecting losses may be a poor assumption for normal transducer operation given 
the presence of eddy currents and hysteresis. Jiles discusses in detail the signiHcance of the 
hysteretic irreversibility of magnetization and magnetostriction and concludes that it is 
necessary to consider the losses. This suggests the importance of judicious use of equation 3, 
since it is appropriate only under certain conditions. Attempts to optimize the sensor 
sensitivity showed that equation 3 does not provide a basis for optimization with respect to 
prestress and magnetic bias. 
Results 
In this paper results show the utility of a standard broadband transducer as a sensor. 
The experimental data reported here was taken from a broadband Terfenol-D transducer 
developed at Iowa State University. It was originally designed as an actuating device but 
used in the configuration shown in figure 1 to measure force or stress. It was designed to 
produce an output free of spurious resonances, and to allow adjustable prestress and magnetic 
bias. A two inch long, quarter inch diameter laminated Terfenol-D rod (Tbo.3Dyo.7Fei.9) 
was placed inside two coils, an inner single layer 110 turn pick-up coil, and a multi-layer 
1100 mm drive coil. In sensing mode either coil could be used to measure the magnetic flux 
density. A current control amplifier (Techron 7780) provided the input to the drive coil to 
produce a DC magnetic bias as needed. Additional magnetic bias was provided by a slit, 
cylindrical permanent magnet which surrounded the coils. Washers in series with the 
Terfenol-D rod provided a mechanical prestress, which could be varied with a prestress bolt 
which threaded into the base and pushed the rod into the washers. The measurable quantities 
from the transducer included the current and voltage in the drive coil, voltage (proportional to 
the time derivative of B) induced in the pick-up coil, and the mechanical input, force. Note 
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Vsense v. Terfenol-D rod 
Shaker 
Terfenol-D Sensor Load Cell (PCB) 
Figure 1: Testing setup for Terfenol-D transducer used as a force sensor. 
again that the magnetostrictive sensor measures the time derivative of the load rather than the 
load itself, thus requiring integration hardware or software. 
The first set of tests were completed to optimize the sensitivity of the sensor with prestress. 
The optimization of the sensor sensitivity was evaluated in terms of voltage output per force 
input The shaker was driven with a broadband 0-5000 Hz signal generating 10 N rms force 
across this bandwidth. Table 2 shows the 0-5 kHz rms voltage per Newton force for four 
different prestresses with 12 kA/m (150 Oe) magnetic bias: 1. 0.79 MPa (100 psi), 2. 1.60 
MPa (200 psi), 3. 3.98 MPa (500 psi), and 4. 7.96 MPa (1000 psi). Although a full 
optimization study addressing interaction of prestress and magnetic bias was not performed, 
the sensitivity clearly decreases with increasing prestress from a peak of 109 mV/N at 0.79 
MPa, 12 kA/m. A minimum prestress value of 0.79 MPa was needed to keep the Terfenol-D 
rod in place during testing. 
The measurement of the force or stress (dividing the force on the Terfenol-D rod by 
the area of the rod) was accomplished by connecting the transducer to another broadband 
transducer and blocking both ends, see schematic in Figure 1. Limitations of the test stand 
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Table 2: Sensitivity in Volts per Newton force at 12 kA/ra magnetic bias and four prestress 
levels. 
Test Number Prestress (MPa) Sensitivity (Vsens/N) 
1 0.79 0.109 
2 1.6 0.104 
3 3.98 0.089 
4 7.96 0.075 
used in this proof of concept study constrained the blocked force performance to under 10 N 
from 0 to 10 kHz. A PCB model 208A03 load cell was placed in series with the shaker and 
the sensor transducer. The load from the load cell, and voltage induced in the drive coil of 
the sensor were monitored for broadband (1 Hz to 5 kHz) random excitation. For these tests 
the sensor transducer was given a prestress of 0.79 MPa (100 psi) and magnetic bias of 12 
kA/m (150 Oe). Figure 2 shows the force as a function of frequency from the load cell and 
from the sensor calculated from equation 6, where values for q, and Ey^ were taken from 
Table 1. The force calculated from equation 6 matches the measured force in magnitude 
from approximately 200 Hz to well over 3.0 kHz, a bandwidth over which the use of 
constants to characterize q, n®, and Ey^ is a good approximation. At higher frequencies the 
effect of the sensor resonance becomes appreciable. At low frequency the lack of agreement 
is attributed to the fact that the coefficients, in particular q, are very sensitive to changes in 
frequency. Example time ttaces of the force from the PCB load cell and the sensor using 
equation 6 with a sinusoidal excitation of 500 Hz are shown in Figure 3. Excellent 
agreement between the two forces is seen in amplitude and phase, the only difference being 
the lag of the sensor signal on the ascending slope, which is a result of harmonic distortion. 
Figure 4 shows the transfer function magnitude and phase between the force measured by the 
sensor using equation 6 and the force measured by the load cell. The magnitude of the 
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transfer function is close to one from 250 Hz to 3000 Hz, substantiating the agreement seen 
in Figure 2. According to Figure 3, at 500 Hz the phase between the two force signals is off 
by about 10 degrees, with the sensor lagging the load cell. This phase lag problem points to a 
limitation of the model. Assuming the coefficients q, and Ey^ are linear, constant, and 
real, limits the frequency range where this model is applicable. This model does appear to be 
fairly robust with respect to force levels since the same values for q, and Ey^ provided an 
excellent fit for 500 Hz sinusoidal excitations at both 1 and 10 N. 
The ability to sense vibrations was also tested in a blocked-free configuration in 
which the sensor acted like an accelerometer. In this case the shaker, load cell, and sensor 
were stacked vertically, i.e. Figure 1 rotated 90 degrees clockwise, so the shaker was blocked 
at the lower end and the sensor was free. The transfer function between force calculated 
from equation 6 and the force measured by the load cell versus frequency is shown in 
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Frequency (Hz) 
Figure 2: Comparison of the load cell force and force measured by the Terfenol-D sensor 
using equation 6 versus frequency. 
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Figure 5. In this configuration both the load cell and the Terfenol-D are measuring 
acceleration, force divided by the mass of the sensor (approximately 0.75 kg). The 
magnitude remains relatively flat out to around 2000 Hz similar to the blocked-blocked case 
in Figure 4, however the phase is decreasing much more quickly as the frequency approaches 
the sensor resonance. Equation 6 was applied to this configuration with the same coefficients 
shown in Table 1. In this case the fit is rather poor, with the magnitude is off by 
approximately a factor of five. This does not invalidate the model but merely points out the 
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Figure 3; Comparison of time domain force measured by the load cell and measured by the 
Terfenol-D sensor using equation 6. 
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Figure 4; Transfer function between the force measured by the Terfenol-D sensor using 
equation 6 and the force measured by the load cell. 
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Figure 5: Transfer function between force measured by the Terfenol-D sensor using equation 
6 and the force measured by the load cell in blocked free configuration. 
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Conclusion 
A model for the force measured with a Terfenol-D transducer used to sense both force 
and acceleration is developed based on coupled linear magnetomechanical constitutive 
equations. Experimental verification shows the model allows the Terfenol-D transducer to 
accurately measure the force over a range of frequencies where a constant provides a good 
approximation of model coefficients, in particular q. The coefficients in the model, Ey^, 
q, and q', are taken fi-om prior tests of the transducer used as an actuator. They are assumed 
to be real and constant, resulting in the failure of the model to account for AC loses and 
phase shift with frequency. The sensitivity of the sensor to force input is shown to be the 
highest for low prestress with a magnetic bias close to the critical field. A peak sensitivity of 
109 mV per Newton force was obtained with a 12 kA/m magnetic bias and 0.79 MPa 
prestress. 
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APPENDIX E: EQUIPMENT SPECIFICATIONS 
The specifications for the equipment used in the experimental tests that comprised 
this dissertation are described here. A Textronix 2642 Fourier Spectrum Analyzer with four 
channels was used for data collection and analysis. The amplifier used to drive the 
transducers was a Techron 7780 Linear Power Amplifier capable of delivering 5000 W to a 1 
Q load with a bandwidth of DC to 50 kHz. The amplifier was equipped with a current 
control module and provided for measurements of the current and voltage seen by the load. 
A hand held FW Bell 4048 Gaussmeter, with bandwidth DC-5 kHz was used to measure 
magnetic flux. Output from transducers were measured with a Schaevitz linear variable 
differential transducer G-VDT) model 025MHR with bandwidth from DC-1000 Hz. In 
addition various PCB piezoelectric accelerometers were employed, for example ICP 353B 
series. 
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APPENDIX F: TERFENOL-D TRANSDUCER MINOR LOOP DATA 
This appendix includes data from Transducer #1 taken under 7 MPa prestress with 
varying magnetic bias, magnetic drive level, and frequency of excitation. The mechanical 
output from the transducer was measured with the LVDT described in Appendix E. (The 
figures show plots of X-H, M-H, and X-M at excitation frequency 1, 10, 100, 500, and 1.25 
kHz (the frequency is shown at the top of each figure). In each figure, the magnetic bias 
increases from left to right and the magnetic drive level increases from top to bottom. The 
scale for all plots in a figure are the same, as indicated in the legend beneath the plots. The 
bottom most two plots on the left side of each figure were excluded because the drive level 
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